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ABSTRACT 
 
Static and Dynamic Characteristics for a Two-Axial-Groove Bearing and a Pressure-
Dam Bearing. (August 2006) 
Bader K. Al Jughaiman, B.S., King Fahd University of Petroleum and Minerals 
Chair of Advisory Committee: Dr. Dara Childs 
 
 
 
This thesis compares experimental static and dynamic force characteristics for a 
two-axial-groove bearing and a pressure-dam bearing without a relief track. The thesis 
also compares experimental results to predictions from a numerical analysis. The tested 
pressure-dam bearing has sθ = 130˚, 'k =3.4~4.2, and dL− =0.75. The test results show 
that eccentricity for both bearings decreases as Sommerfeld number increases. However, 
the pressure-dam bearing maintains a minimum eccentricity of about 0.5 at high speeds. 
The results also show that the attitude angle for both bearings increases as Sommerfeld 
number increases. The maximum attitude angle for the axial-groove bearing is 90˚ at no-
load. However, the attitude angle for the pressure-dam bearing increases above 90˚ at 
no-load as speed increases. A dynamic test shows that the pressure-dam bearing has 
higher direct stiffness and damping at high Sommerfeld number because of the increase 
in eccentricity. However, as Sommerfeld number decreases, the difference between   
stiffness and damping coefficients of both bearings diminishes. The dynamic test also 
shows that both bearings have significant added mass coefficients in the laminar flow 
region that decrease as eccentricity increases. The estimated axial-groove bearing whirl- 
frequency ratio (WFR) from experimental results is 0.45. The WFR of the pressure-dam 
bearing reduces to 0.41 at high Sommerfeld numbers. Numerical analysis shows that the 
pressure-dam bearing can have lower WFR if the dam arc length is increased to 150˚. 
Numerical analysis also shows that stability can be improved further by adding a relief 
track. Generally, the numerical analysis under predicts the bearings’ eccentricity and 
dynamic force coefficients with better agreement at low Sommerfeld numbers. 
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NOMENCLATURE 
 
Ax, Ay  Fourier transformation of stator acceleration 
Cij  Bearing damping coefficient (N.s/m) 
cij  Dimensionless damping coefficient 
Cr  Bearing radial clearance (m) 
D  Bearing inner diameter (m) 
Dx, Dy  Fourier transformation of ∆x and ∆y 
ex, ey  Average bearing displacement in the x and y directions respectively (m) 
fbx, fby  Bearing reaction forces in the x and y directions respectively (N) 
fx, fy  Excitation forces in the x and y directions respectively (N) 
Fx, Fy  Fourier transformation of fx and fy respectively 
h  Local film thickness (m) 
h1  Film thickness before the step (m) 
h2  Film thickness after the step (m) 
Hij  Average dynamic stiffness (N/m) 
i,j   Subscript representing x and y 
Kij  Bearing stiffness coefficient (N/m) 
kij  Dimensionless stiffness coefficient 
'k     Step film thickness ratio 
L  Bearing axial length (m) 
Ld  Dam axial length (m) 
dL
−
  Dam axial length ratio 
Lt  Relief track axial length (m) 
tL
−
  Relief track axial length ratio 
M  Rotor equivalent mass (kg) 
Mij  Fluid inertia coefficient (kg) 
Ms  Stator mass (kg) 
N  Rotor speed (Hz) 
P  Bearing film pressure (N/m²) 
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R  Bearing inner radius (m) 
Re  Reynolds number 
S  Sommerfeld number 
U  Rotor speed (m/s) 
W  Bearing load (N) 
x,y  Displacement directions 
z  Bearing axial length 
ρ  Lubricant dynamic viscosity (N.s/m²) 
ε0  Eccentricity ratio 
ψ  Attitude angle 
θs  Step angle 
χ  Pad arc angle 
ω  Rotor speed (rad/s) 
Ω  Excitation frequency (rad/s) 
ωn  Rotor-bearing system natural frequency (rad/s) 
ωf  Rotor whirling frequency (rad/s) 
δh  Horizontal preset of orthogonally displaced pressure-dam bearing 
δv  Vertical preset of elliptical pressure-dam bearing 
WFR  Whirl-frequency ratio  
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INTRODUCTION 
 
Hydrodynamic fluid film bearings are commonly used in industry to support 
rotors. The load capacity of these bearings is generated by the rotation of the journal in 
the bearing clearance. This load capacity depends on many factors such as the bearing 
design, clearance, and lubricant viscosity. 
Beauchamp Tower in the seventeenth century first discovered the high pressure 
generated by the hydrodynamic action of the oil film in railroad bearings. In 1886, O. 
Reynolds published his famous equation that provides the basis for journal bearings 
design [1]. 
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The equation shows that a converging film thickness is necessary to generate a 
positive hydrodynamic pressure. Fig. 1 illustrates how the hydrodynamic film pressure is 
generated in journal bearings. The figure shows that the bearing reaction force due to the 
rotor load has both horizontal and vertical components. While, the vertical component is 
in the opposite direction of the load, the horizontal direction is 90˚ from the load 
direction. This phenomenon arises from the fluid rotation and is called cross coupling. 
As a result, rotors supported on hydrodynamic bearings tend to have an eccentric 
position e within the bearing clearance with an offset angle from the load direction 
called the attitude angle ψ.  
 
 
 
 
 
 
_______________ 
This thesis follows the format of the ASME Journal of Tribology. 
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The equilibrium position is commonly defined in terms of a dimensionless 
number called Sommerfeld number S: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Hydrodynamic pressure generation in journal bearings [2] 
 
 
 
Lord Rayleigh [3] in 1918 analyzed the effect of varying the film thickness 
between two parallel surfaces on the bearing load capacity. Rayleigh found that the 
stepped design is the best configuration compared to a linear taper, crowned or 
exponential film shapes on the basis of load capacity. He also determined that the 
optimum ratio of the film thickness before and after the step 'k  is 1.7 assuming laminar 
flow all around the bearing including the pocket. Today, step cylindrical journal bearings 
are used in many different types of rotating machinery because of their higher threshold 
speed of instability compared to plain journal bearings. They are also easier to 
manufacture and have higher manufacturing tolerances than multiple-lobe bearings [4]. 
The improvement in stability comes from the step or dam cut in the upper surface of the 
bearing which produces a pressure rise near the step and a downward force on the 
journal. Thus, the rotor operates at higher eccentricity ratio because of this induced load. 
The bottom pad is sometimes deeply grooved to create a circumferential relief track. The 
    ψ 
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objective of the relief track is to reduce the effective bearing length thus reducing its 
load capacity and increasing journal eccentricity. Fig. 2 shows a step bearing often called 
pressure-dam bearing with a step at the top (unloaded pad) and a relief track at the 
bottom pad. The figure shows the most important design parameters for pressure-dam 
bearing, namely: film thickness ratio 'k , dam axial length ratio dL
− , and relief track axial 
length ratio tL
−
. 
 
 
 
 
Fig. 2 Schematic view of pressure-dam bearing [4] 
 
 
 
The evolution of bearing design continued in the late nineteenth century and 
early twentieth century with the extension of Reynolds equation to gas bearings and the 
invention of tilting pad bearings shown in fig. 3. As the name implies, the pads in this 
bearing are allowed to tilt as load is applied [1]. 
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(a) (b) 
Fig. 3 Tilting pad bearing a) rocket pivot b) flexure pivot [5] 
 
 
 
In 1925, the effect of journal bearings on rotor dynamics was discovered. A. 
Stodola first realized that journal bearings are not firmly rigid supports. He instead 
represented journal bearings as springs with direct and cross-coupled stiffness [6]. 
Also in 1925, B. Newkirk and H. Taylor [7] observed large vibration of a rotor 
on plain journal bearings when reached twice its first critical speed. They also noted that 
the rotor was whirling at almost half of its running speed. They found that the vibration 
stopped when the oil supply was stopped accidentally. Newkirk and Taylor called this 
phenomena “oil whip” because they attributed it to the oil film action in the journal 
bearing clearance. 
In the middle of the twentieth century, the idea of journal bearings stiffness and 
damping coefficients start to become popular, and a lot of work was done to study the oil 
whip phenomena based on these coefficients. Lund [8] in 1965 developed the concepts 
of the interaction between the bearing dynamic coefficients and the rotor dynamics. He 
showed that oil whip can be presented as an undamped resonance in which the bearing 
fluid film is represented by a single spring with equivalent stiffness. Lund showed that 
oil whip occurs when the rotor whirl-frequency is equal to the lowest rotor-bearing 
system natural frequency, which is determined by the bearing equivalent stiffness for 
rigid rotors. He also showed that rotor flexibility and bearing support flexibility lower 
the onset speed of instability without affecting the instability whirl-frequency ratio. 
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Dynamic force coefficients of fluid film bearings are calculated theoretically by 
assuming small amplitude journal motions about an equilibrium position and expressing 
the bearing reaction forces as a Taylor series expansion [9]. Therefore, for the bearing 
shown in Fig. 1, the reaction forces can be written as: 
(6)                                  
(5)                         
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The bearing stiffness, damping, and inertia coefficients are defined as follow:  
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Then, ignoring mass terms, the bearing-rotor system equivalent dimensionless 
stiffness for a rigid rotor as determined by Lund [8] is given by: 
yyxx
yxxyxyyxxxyyyyxx
eq cc
kckcckck
k +
−−+=                                                                            (10) 
 The relationship between the dimensional and the dimensionless stiffness and damping 
coefficients are: 
 )
W
C(Kk rijij =                        (11) 
)
W
ωC(Cc rijij =                        (12) 
The bearing whirl-frequency ratio (whirling frequency divided by rotor speed), 
the bearing-rotor system natural frequency and the threshold speed of instability at 
which oil whip occurs are given by the following equations:  
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This means that oil whip occurs when the rotor whirls at the system lowest natural 
frequency. 
This thesis compares pressure-dam bearing force coefficients to those for a two-
axial-groove bearing. The thesis also examines the effect of fluid inertia on the bearings 
force coefficients for laminar flow with Reynolds number on the order of 100 and 
compares the results to predictions from Reinhardt and Lund [10].  
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LITERATURE REVIEW 
 
The classical lubrication theory established by Reynolds ignores the effect of 
fluid film inertia of journal bearings because of the small  /RCr  ratio (<0.001) resulting 
in small Reynolds number (of the order of 1). Therefore, all analytical solutions for 
hydrodynamic journal bearings based on Reynolds theory have represented the bearings 
force coefficient by stiffness and damping coefficients only. The effects of flow 
turbulence and fluid inertia have been considered for large Reynolds number 
applications (of the order of 1,000). However, Reinhardt and Lund [10] suggested that 
fluid inertia effect could also be significant without affecting the assumption of laminar 
flow for Reynolds number of the order of 100. After performing a first order 
perturbation analysis on the fluid momentum equation keeping convective and temporal 
terms, Lund and Reinhardt show that a journal bearing with 310/;5.0 == rCRL/D , and 
assuming the lubricant to be oil while the journal material is steel, would have a direct 
added mass equal to 6 times the journal mass. This artificial mass could lower the 
critical speeds for short and small rotors. 
Many studies have been conducted on both axial-groove journal bearings as well 
as pressure-dam bearings. The studies focused mainly on determining the whirl-
frequency ratio, finding each bearing’s stability map, and determining the optimum step 
depth and angle for the pressure-dam bearing. 
Allaire et al. [11] used the finite element method to calculate the pressure profile 
for an infinite length pressure-dam bearing using laminar flow theory, linearized 
turbulent flow theory (turbulence shear stress parameter is determined based on 
Reynolds number) in the pocket without fluid inertia effect, and turbulent flow theory 
with fluid inertia effect that includes both turbulence and pressure drop at the step. They 
compared the theoretical solution to experimental results and found that the inertia 
theory agrees well with the experimental results. They also found that for maximum load 
capacity, the bearing should be designed for ,3.2' =k o125=sθ  where 'k and sθ are as 
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defined in Fig. 2. However, for Reynolds number up to 1500, the  turbulence flow theory 
results deviates by only 10% from the results of inertia flow theory while laminar theory 
fails for Reynolds number larger than 50. Therefore, the turbulence theory can be used 
safely for most industrial applications. 
Nicholas and Allaire [12] analyzed the stability of finite length pressure-dam 
bearings compared to axial-groove bearing. All bearings have L/D =1 and Re=210. They 
found that the two-axial-groove bearing has a 0.5 whirl-frequency ratio. Incorporating a 
relief track at the bottom pad of the two-axial-groove bearing with 25.0=− tL , ( tL−  is 
defined in Fig. 2), reduces the whirl-frequency ratio to 0.40. Adding a step at the upper 
pad with o125=sθ , 3' =k  and dL− =0.75, ( dL−  is defined in Fig. 2), reduces the whirl-
frequency ratio further to 0.33. The whirl-frequency ratio for the pressure-dam bearing 
without the relief track increases to 0.45. They also predicted that the WFR for the 
pressure-dam bearing decreases as the Sommerfeld number increases. Nicholas and 
Allaire also found that pressure-dam bearings with 6~3'=k and oo 160~125=sθ  have 
the optimum stability depending on Sommerfeld and Reynolds numbers. They also 
found that the step is more effective at Sommerfeld number S>2. 
Nicholas et al. [13] compared the theoretical threshold speed of instability for a 
two-axial-groove bearing, off-optimum pressure-dam bearing and near-optimum 
pressure-dam bearing supporting a flexible rotor to experimental results. The design 
parameters of the bearings are given in table 1. The theoretical solution predicted 
threshold speeds of instability at 4,900 rpm, 5,500 rpm and 8,600 rpm for the axial-
groove bearing, the off- optimum pressure-dam bearing, and the near-optimum pressure-
dam bearing, respectively. The experimental results show threshold speeds at 5,750 rpm, 
5,600 rpm and 8,400 rpm, indicating good agreement with the theoretical solution. The 
experimental whirl-frequency ratio decreases from about 0.5 for the two-axial-groove 
bearing to about 0.35 for the near-optimum pressure-dam bearing for Sommerfeld 
number S>1.5. 
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Table 1. Bearing design parameters from [13] 
Two-axial-groove bearing Off-optimum pressure-dam Near-optimum pressure-dam 
 mm 0660.0
 mm 0559.0
1/
=
=
=
r
r
C
C
DL
 
 
7',3.10,135
mm 0737.0
mm 0610.0
5.0,1/
' ===
=
=
== −
kk
C
C
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s
r
r
d
oθ
 
86.1',4.2,135
mm 0737.0
mm 0635.0
75.0,1/
' ===
=
=
== −
kk
C
C
LDL
s
r
r
d
oθ
 
 
 
 
Leader et al. [14] tested a rotor supported on two-axially-grooved bearings, two 
sets of pressure-dam bearings, and five-pad tilting-pad bearings for imbalance response 
and stability. The bearings specifications are given in table 2. The results show that the 
near- optimum pressure-dam bearing whirl-frequency ratio is 0.36, both the axial-groove 
bearing and the off-optimum pressure-dam bearing have 0.5 whirl-frequency ratio, and 
the tilting pad bearing has zero whirl-frequency ratio indicating permanent stability. 
However, the results show that the tilting pad bearing has the highest vibration response 
at the rotor critical speed, while the pressure-dam bearing and the axial-groove bearing 
have almost equal response. 
 
 
 
Table 2. Bearings specifications from [14] 
Axial-groove bearing Off-optimum 
pressure-dam 
bearing 
Near-optimum 
pressure-dam bearing 
Tilting pad bearing 
(load on pad) 
 mm 0660.0
 mm 0559.0
1/
=
=
=
r
r
C
C
DL
 
o135
9
5.0,1/
'
=
=
== −
s
d
k
LDL
θ
 
o135
1.2'
75.0,1/
=
=
== −
s
d
k
LDL
θ
 
%50
64
0
mm 0508.0
1/
=
=
=
=
=
offset
preload
C
DL
r
oχ
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Lanes et al. [15] compared the threshold speed of instability for a flexible rotor 
supported by axial-groove bearings, near-optimum pressure-dam bearings, and 
preloaded three- lobe bearings. The rotor first critical speed is 2,550 rpm. The results 
showed that the three lobe bearing has the highest threshold speed of instability (10,400 
rpm compared to 7,400 for the pressure-dam bearing and 6,550 rpm for the axial-groove 
bearing). Therefore, the whirl-frequency ratios are 0.24, 0.34 and 0.39 for the three-lobe 
bearing, the pressure-dam bearing and the axial-groove bearing respectively. 
Mehta and Singh [16] studied theoretically the effect of incorporating a near-
optimum pressure-dam (k’ =2, θs = 125°, dL
− = 0.75, tL
− =0.25) on cylindrical bearings, 
elliptical bearings, as well as offset halves cylindrical bearings )1/( =DL . The results 
show that cylindrical pressure-dam bearings whirl-frequency ratio is 0.29. The elliptical 
pressure-dam bearing ( 4.0=vδ ) whirl-frequency ratio is 0.15 and the offset halves 
pressure-dam bearing )4.0( =hδ  whirl-frequency ratio is 0.11. 
Flack et al. [17] measured pressure drop across the dam. They reported that the 
highest pressure was measured at the step for bearings optimized with 3~2' =k  and 
oo 145~140=sθ . However, the measured pressure drop was 25% compared to only 2% 
as predicted theoretically. He et al. [18] incorporated the effect of the temperature rise on 
pressure-dam bearing dynamic coefficients and threshold speed of instability. The 
maximum pressure of the top pad is located at the step. The temperature distribution in 
the bottom pad shows that the temperature increases smoothly from the leading edge to 
the trailing edge and is almost constant in the axial direction. For the top pad, the 
temperature increases smoothly in the small clearance region as oil travels from the 
leading edge to the trailing edge. However, the temperature is almost constant in the 
pocket due to the low shear stress. The analysis also showed that the journal eccentricity 
increases slightly compared to the isoviscous analysis. The analysis also predicts lower 
stiffness and damping coefficients that may alter the threshold speed of instability 
compared to the isothermal analysis. 
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The whirl-frequency ratio of axial-groove bearings and pressure-dam bearings 
described above from references [13, 14, and 15] was determined by measuring the rotor 
maximum speed before high sub-synchronous vibration is noticed. However, this 
method does not provide any information about the bearing stiffness, damping and 
inertia force coefficients that are vital for complete rotor dynamic analysis. Miller [19] 
developed a test rig to identify the rotor dynamic force coefficients of a plain journal 
bearing. The bearing force coefficients were determined by exciting the bearing housing 
twice using two impact guns at frequencies from 5-60 Hz and then transforming the 
bearing measured response data to frequency domain. Although the identified force 
coefficients follow the same trends as theoretical prediction, they compare poorly. De 
Santiago [20] discussed different available procedures to experimentally determine the 
force coefficients of fluid film bearings such as using impact load and imbalance 
response. Kostrzewsky et al. [21] used a test rig to identify the force coefficients of a 
two-axial-groove bearing. The test rig utilizes two electrodynamic shakers to generate 
synchronous sinusoidal excitations. The force coefficients were determined using the 
average magnitude and phase method. The measured force coefficients compared well 
with theoretical values. 
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TEST RIG DESCRIPTION 
 
Overview 
Fig. 4 shows the test rig for measurement of the static and dynamic performance 
of the bearing. Kaul [22] presents a de tailed account of the design and features of the 
test rig and facility at the Texas A&M Turbomachinery Laboratory. A summary of its 
main features follows. 
The rig consists of a steel base that supports the main test section and the air 
turbine that drives the shaft. The shaft is connected to a 65 kW air turbine with a high-
speed flexible disc coupling and can run up to a maximum speed of 16,000 rpm. The test 
shaft is made from stainless steel and machined to a precise diameter of 116.8 mm 
(4.6000 in) at the test section. It is supported on the pedestals through angular contact 
ball bearings, spaced approximately 457 mm (18 in) apart. An oil-mist lubrication 
system lubricates the ball bearings. 
A stator section holds the test bearing and all the associated instrumentation, 
namely, non-contacting eddy-current proximity sensors, accelerometers, pressure 
transducers and thermocouples. A pneumatic loader and two hydraulic shakers apply 
static and dynamic loads to the bearing stator. Angular alignment between the bearing 
and the shaft is provided by an arrangement of six pitch stabilizers. 
ISO VG32 turbine oil is delivered to the test section from an oil supply system. 
The oil supply system can deliver oil up to a maximum pressure of 82.7 bars and a 
volumetric flow of 75 liters per minute. A heat exchanger and a set of pneumatically 
driven valves allow for control of the oil temperature being delivered to the test section. 
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Fig. 4 Test rig main section 
 
 
 
Loading Configuration 
Two orthogonally mounted hydraulic shaker heads are attached to the stator 
middle section. The stator-shaker-stinger arrangement is shown in Fig. 5, as observed 
from the non-drive end. The shaker in the x-direction can excite the stator with dynamic 
loads up to 4,450 N in tension and compression. The shaker in the y-direction can excite 
the stator with dynamic loads up to 4,450 N in tension and 11,125 N in compression. 
Both shakers can provide excitation frequencies up to 1,000 Hz. 
The shaker heads are attached to the stators through bar elements called stingers. 
Stingers isolate the test structure from the dynamics of the shakers structure. The load 
applied to the stator is measured with load cells bolted to the stingers on one end and the 
shaker head on the other end. 
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Fig. 5 Shaker-stinger arrangement 
 
 
 
While the shakers provide dynamic loads exclusively, the pneumatic loader 
applies a static tensile load to the stator in one direction (see Fig. 5). The stator is 
displaced in the +y direction due to the static load. A cable is connected to the stator 
assembly through a pulley and a yoke, and a spring system assures that the load is 
applied exclusively in one direction. The applied load is measured with a load cell 
attached to the cable. The rated maximum available load is 22,000 N. Fig. 6 shows a side 
view of the test rig with the static loader. 
 
Instrumentation 
Four proximity probes, located in the stator end caps, record the relative motion 
of the rotor with respect to the stator for each direction of excitation. Two proximity 
probes are placed in a plane at the non-drive end and two at a parallel plane at the drive 
end. Measurement of the stator position in two parallel planes allows monitoring of the 
stator’s pitch and yaw. 
Piezoelectric accelerometers measure the stator absolute acceleration in both the 
x and y directions. Temperature probes are located in the oil-inlet chamber as well as the 
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downstream end caps. Two thermocouples are also installed in each pad to measure the 
pads temperature in the circumferential direction. For the unloaded pad, the 
thermocouples are installed at the leading edge and at the step location. For the loaded 
pad, the thermocouples are installed at the middle of the pad and close to the trailing 
edge.  A static pressure probe measures the oil pressure at the inlet and outlet locations. 
 
 
 
 
 
Fig. 6 Test rig side view [5] 
 
 
 
Test Bearings 
The two-axial-groove bearing was tested first. The bearing was then modified to 
a pressure-dam bearing and tested. Fig. 7 shows the two-axial-groove bearing as 
assembled in the stator. Fig. 8 shows the axial-groove bearing with a step at the top 
unloaded pad (All dimensions are in mm). Table 3 summarizes the bearings’ important 
design parameters. 
 
  
16
 
Table 3. Bearings design parameters 
 Axial-groove bearing Pressure-dam bearing 
L  76.2 mm (3”)  76.2 mm (3”) 
rC  0.133±0.0063 mm(5.25±0.250 mils) 0.133±0.0063 mm (5.25±0.250 mils) 
sθ  0˚ 130˚ 
'k  0 3.4~4.2 
D  0.1171±0.01270 m (4.6105±0.00050”) 0.1171±0.01270 m (4.6105±0.00050”) 
dL
−
 0 0.75 
tL
−
 0 0 
 
 
 
 
 
Fig. 7 The two-axial-groove test bearing 
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Fig. 8 Test bearing with pressure-dam at the unloaded pad 
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EXPERIMENTAL PROCEDURE 
 
This section describes how the bearing static test and dynamic test are executed: 
 
Static Test Procedure 
During a typical test, the bearing stator is centered on the shaft by performing a 
bump test using the shakers. Once the bearing is centered ( 0== yx ee ), the rotor is run 
at a low speed, usually 4000 rpm. Then, the bearing is loaded using the static loader to 
the required load. Once the rotor reaches the required steady state, the following data are 
taken: 
1) Stator x and y position in both driven end and non-driven end planes ( yx ee , ). 
2) Rotor speed, ω . 
3) Oil volumetric flow rate, Q . 
4) Static load applied by the static loader, W . 
5) Oil inlet temperature, iT . 
6) Oil exit temperature, eT . 
7) Bearing pad temperatures. 
The above procedure is repeated by increasing the bearing load, keeping the rotor 
speed constant until the bearing eccentricity ratio 90.00 =ε . Then, the test is repeated 
again at a higher speed. The test stops once the maximum allowable speed for the test rig 
is reached (16,000 rpm), or excessive vibration or temperature are encountered. Then, at 
each test condition, the bearing static characteristics which include Sommerfeld number 
S , eccentricity ratio 0ε , attitude angle ψ , and power loss E are calculated using the 
following set of equations: 
 
                                                                                   )
C
R(
W
µNLDS
r
2
2=                      (16) 
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x1−=ψ                                                                                                              (18) 
)TCTC(QE ipiiepee ρρ −=                                                                                             (19) 
The oil viscosity, density, and specific heat are related to temperature using the 
following equations: 
  )m/s.N(  e.µ )(T. 229403007004530 −−=                                                                            (20) 
)K.kg/J(     .T.Cp 758116273 +=                                                                              (21) 
 )m/kg(     T.ρ 3106466160 +−=                                                                               (22) 
An effective viscosity is calculated at the average of the oil inlet and exit temperatures to 
calculate Sommerfeld number using equation (16). 
 
Dynamic Test Procedure 
First, the rotor is brought up to the steady state conditions of rotational speed and 
oil inlet temperature, for a given static load. Then, the bearing stator is alternately 
excited using the hydraulic shakers with a pre-specified pseudo-random dynamic 
excitation waveform with frequencies from 20 Hz to 300 Hz in 10 Hz increment in two 
orthogonal directions, i.e. x-direction and the y-direction (static load direction). Each 
single test consists of 32 shakes that are averaged in the frequency domain. The 
following data are collected for each test condition: 
1) Excitation forces in both x and y directions (fx, fy). 
2) Stator acceleration in both x and y directions ).,( .... yx    
3) Stator displacement in both x and y directions (x,y) . 
The test is repeated at different load conditions keeping the rotor speed constant 
until the bearing eccentricity ratio .80.00 =ε  The dynamic test is stopped at lower 
eccentricities than the static test to make sure that the bearing will not rub against the 
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rotor when shacked. Then, the rotor speed is increased to a higher speed, and the same 
procedure is executed again. The test stops once the maximum allowable speed for the 
test rig is reached (16,000 rpm), or excessive vibration or temperature are encountered. 
The bearing force coefficients are then calculated for each test condition using 
the parameter identification procedure described by Childs and Hale [23]. The equations 
of motion for the stator mass Ms can be written as: 
⎥⎦
⎤⎢⎣
⎡−⎥⎦
⎤⎢⎣
⎡=⎥⎦
⎤⎢⎣
⎡
by
bx
y
x
s
s
s f
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f
y
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          (23) 
Here, ss yx &&&& ,  are the measured components of the stator’s acceleration, yx ff ,  are 
the measured excitation force, bybx ff ,  are the bearing reaction force components. The 
reaction force of a hydrodynamic journal bearing is written in terms of the bearing force 
coefficients: 
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Here, yx ∆∆ ,  are defined as the relative motion between the rotor and the stator 
and Kij, Cij, Mij are matrix elements referring to stiffness, damping and added-mass 
coefficients, respectively. Substituting equation (24) in equation (23) and rearranging, 
we obtain: 
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The left hand vector of equation (25) is a known function of time. On the right hand side, 
)(tx∆  and )(ty∆  are measured functions of time. The rotordynamic coefficients are 
determined in the frequency domain via the Fast Fourier Transform version of equation 
(25) as shown below: 
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The elements of the bearing dynamic stiffness function H are related to the coefficients 
defined in equation (24) by: 
)(2 ijijij CMK Ω+Ω−= jH ij                     (27) 
Equation (26) provides only two equations for four unknowns Hxx , Hxy , Hyx , 
Hyy.  To provide four independent equations, alternate shakes about a given steady-state 
rotor position are conducted on the stator in orthogonal directions (x and y) yielding four 
equations and four unknowns, given by: 
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One set of frequency-dependent dynamic stiffness coefficients (Hxx , Hxy , Hyx , 
Hyy) is obtained as the average of 32 separate shake tests, which are averaged in the 
frequency domain. For each experimental condition, ten consecutive tests are conducted 
to estimate the variability of the dynamic stiffness in the frequency range of 20-300 Hz.    
Note that data at frequencies multiple of 60 Hz, rotor running speed, and above 240 Hz 
have high uncertainty. Therefore, they are not included in the linear regression analysis. 
Equation (27) shows that the real part of the dynamic stiffness is a quadratic 
function of the excitation frequency, whereas the imaginary part is a linear function. 
However, setting 2ΩΛ =  transforms the quadratic into a linear relationship, thus a linear 
regression can be performed for both the real and the imaginary parts. 
The intercept and the slope of the regression line of the real part provide 
estimates for the bearing stiffness Kij and opposite sign of the added-mass Mij 
coefficients, respectively. Similarly, the estimates for the damping coefficients Cij are 
obtained from the slope of the linear regression of the imaginary part of the dynamic 
stiffness. 
Confidence intervals are used to provide the uncertainty of the estimated 
rotordynamic coefficients. A confidence interval is a statistical measure of the error 
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bound for the estimate of the slope or the intercept, to assess the overall quality of the 
regression line and the accuracy of the estimates. 
The formulas to compute the slope, the intercept and their associated 
uncertainties are obtained from Rodriguez [24]. Here, the letters x and y refer to a pair of 
data (xi,yj) for the linear regression and N refers to the number of data pairs. 
Number of data pairs, (xi,yi): N  
Regression line equation: xy 10ˆ ββ += ; yˆ denotes the predicted value.         (29) 
Mean of the x’s: ∑
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Intercept: xy 10 ββ −=  (33) 
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The uncertainty in equation (37) includes a parameter denoted as t. In general, 
this is a multiplicative factor that depends on the desired probability that the unknown 
“true” parameter is contained in the interval 00 ββ ∆±  (or, 11 ββ ∆± ). Since a high 
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confidence is desirable, the confidence parameter (t) is set to 1.960 which yields a 95% 
confidence level [5]. 
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AXIAL-GROOVE BEARING TEST RESULTS 
 
Static Test Results 
Static (or steady-state) performance data presented in this section includes 
bearing eccentricity ratio 0ε , attitude angle ψ  and estimated power losses E. Both 
experimental eccentricity ratio and attitude angle values will be compared to theoretical 
values as obtained from Someya et al. [25]. The bearing measured cold radial clearance 
was 0.136 mm (5.37 mils). The oil flow rate was maintained at 32 liters/min (8.5 GPM) 
for all test conditions which is equal to the design flow rate at 16,000 rpm.  Oil was 
supplied at higher flow rate than design to minimize the increase in the oil temperature 
thus, obtaining a semi-isothermal process. The oil inlet temperate varied within 37.8 °C-
48.8 °C (100 °F-120 °F) while the supply pressure was fixed at around 172 kPa (25 psi). 
Oil outlet temperature are listed in table 10 in Appendix A. Table 4 summarizes the test 
conditions for the two-axial-groove journal bearing in terms of rotor speed and static 
load. The letter “S” refers to static test while the letter “D” refers to dynamic test. The 
bearing unit load is determined using the following equation: 
LD
Wp =          (38) 
 
 
 
Table 4. Text matrix for axial-groove bearing 
P kPa 
   (psi) 
 
RPM 
0 
(0) 
172 
(25) 
345 
(50) 
517 
(75) 
690 
(100) 
862 
(125) 
1034 
(150) 
1207 
(175) 
1379 
(200) 
1655 
(240) 
4000 S,D S S,D S S,D S S,D S   
6000 S,D S S,D S S,D S S,D S S,D S 
8000 S,D S S,D S S,D S S,D S S,D S 
10000 S,D S S,D S S,D S S,D S S,D S 
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For 4000 rpm rotor speed, the maximum unit load is 1034 kPa (150 psi) because 
the bearing eccentricity reached the maximum allowable ratio 80.00 =ε . Also, table 4 
shows that the test stopped at 10,000 rpm rotor speed because of the appearance of high 
subsynchronous vibration at 12,000 rpm (200 Hz) rotor speed as shown in Fig. 9.  
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Fig. 9 Rotor frequency spectrum at 12,000 rpm rotor speed with axial groove bearing 
 
 
 
Eccentricity 
Fig. 10 shows the bearing eccentricity ratio 0ε  for 4000 rpm, 6000 rpm, 8000 
rpm, and 10,000 rpm rotor speed versus unit load applied. The figure shows that as the 
load is increased at a fixed speed, the bearing eccentricity increases. However, for a 
fixed load, the bearing eccentricity decreases as the rotor speed increases. The bearing 
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maximum load is 1034 kPa (150 psi) at 4000 rpm and 1379 kPa (200 psi) at 6000 rpm, 
8000 rpm and 10,000 rpm. The figure also shows that eccentricity is not linearly 
proportional to either applied load or rotor speed. 
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Fig. 10 Axial groove bearing eccentricity ratio vs. unit load 
 
 
 
The effect of both applied load and rotor speed on the bearing eccentricity is 
presented on the dimensionless Sommerfeld number given in equation (16) above. The 
equation shows that as applied load increases, Sommerfeld number decreases. Also, as 
rotor speed increases, Sommerfeld number increases. This means that the effect of load 
and speed on Sommerfeld number is directly opposite to the effect of load and speed on 
bearing eccentricity. Fig. 11 shows the relationship between eccentricity ratio and 
Sommerfeld number. As Sommerfeld number increases (high speed, low load), bearing 
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eccentricity decreases. The numerical results plotted in Fig. 11 shows that any two 
bearings with the same Sommerfeld number operates at the same eccentricity ratio even 
if rotor speed or applied load are different. The experimental results show this especially 
at low Sommerfeld number. Neglecting the data for S>1, the largest deviation between 
the experimental eccentricity ratios for a fixed Sommerfeld number is 0.10. A possible 
reason for this deviation is an increase in the bearing clearance due to thermal growth. 
Fig. 11 also shows that the bearing has operated at higher eccentricity ratio than 
predicted. This indicates that the bearing has lower direct stiffness yyK than predicted. 
This result will also be shown in the dynamic test. The higher eccentricity ratio could be 
related to the reduction in the direct stiffness yyK  as a result of an increase in the bearing 
clearance due to thermal growth. Moreover, since the numerical solution assumes an 
isothermal process1, it neglects the reduction in oil viscosity due to oil film temperature 
rise. Therefore, it predicts lower eccentricity ratios. 
 
 
 
                                                 
1 Static and dynamic performance from Someya [25] is calculated at the average of the inlet and exit oil 
temperatures. 
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Fig. 11 Axial groove bearing eccentricity ratio vs. Sommerfeld number 
 
 
 
Attitude Angle 
The bearing attitude angle ψ  represents the bearing displacement in x-direction 
due to the load applied in the y-direction. Hence, attitude angle is related to the cross-
coupled stiffness xyK . Fig. 12 shows the bearing locus plot. The plot shows that as the 
applied load increases, the bearing moves in both x and y directions. The x-eccentricity 
increases as load increases until it reaches a maximum value at about 0.33 then, it 
decreases slightly. 
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Fig. 12 Axial groove bearing locus plot 
 
 
 
Knowing the bearing x and y displacements, the attitude angle is calculated using 
equation (18) and is plotted versus unit load in Fig. 13. The figure shows that for all 
rotor speeds as the applied load increases, the attitude angle decreases. At no-load, the 
bearing has the highest attitude angle. Also, for a fixed load, the attitude angle increases 
as the rotor speed increases. This is explained by the fact that as the rotor speed 
increases, the bearing reaction force in the lateral direction increases also. 
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Fig. 13 Axial groove bearing attitude angle vs. unit load 
 
 
 
Similar to eccentricity ratio, bearing attitude angle is plotted against Sommerfeld 
number in Fig. 14. The figure shows that the bearing attitude angle increases as 
Sommerfeld number increases (high speed, low load). The figure also shows the 
predicted attitude angles.  Also, similar to eccentricity ratio, the bearing attitude angle 
can be determined once the Sommerfeld number is known regardless of speed and load. 
Neglecting the attitude angle values for S>0.8, the maximum deviation between the 
experimental attitude angles for a fixed Sommerfeld number is 8˚. Fig. 14 also shows 
that the predicted attitude angle is much larger than the experimental ones. This 
difference can be also partially contributed to the assumption of an isothermal process in 
the numerical solution.  Equation 16 shows that reducing the oil viscosity while keeping 
all other parameters fixed results in lower Sommerfeld number, thus higher eccentricity 
and lower attitude angle. 
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Fig. 14 Axial groove bearing attitude angle vs. Sommerfeld number 
 
 
 
Since both eccentricity ratio and attitude angle are functions of Sommerfeld 
number, once one is known, the other one can be determined. Fig. 15 shows the 
experimental and theoretical values of eccentricity ratio versus attitude angle. As 
eccentricity ratio increases (high load, low speed i.e. low Sommerfeld number), attitude 
angle increases. Also, as eccentricity ratio decreases (high speed, low load i.e. high 
Sommerfeld number), attitude angle increases. 
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Fig. 15 Axial groove bearing eccentricity ratio versus attitude angle 
 
 
 
Power Losses 
The power loss is estimated using equations (19, 20, 21 and 22) given above. The 
main reason for this power loss is the shear stress between the oil film and the rotor. For 
a Newtonian, inertialess, and isoviscous fluid within thin film geometry, the local shear 
stress is given by [26]: 
)2(
2
1 hy
x
P
h
U −∂
∂+= µτ                                                                                                 (39) 
Equation (39) shows that the shear stress is composed of two terms. The first 
term is due to the shear driven flow (Couette flow) while the second term is due to the 
flow driven by the pressure gradient (Poiseuille flow). Shear stress increases by 
increasing the rotor speed and the pressure gradient. Shear stress due to Couette flow 
increases in the bearing converging region by increasing the load. However, it decreases 
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in the diverging region. Also, since power loss is proportional to both speed and shear 
stress, power loss is proportional to the square of speed. Therefore, increasing the speed 
has more effect on the power loss than increasing the load. Figs. 16 and 17 show the 
estimated power loss versus bearing unit load and rotor speed respectively. Numerical 
analysis does not solve the energy equation for the bearing. Therefore, power losses are 
not numerically estimated. 
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Fig. 16 Axial groove bearing estimated power loss vs. unit load 
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Fig. 17 Axial groove bearing power loss vs. speed 
 
 
 
Dynamic Test Results 
This section presents dynamic test results for the two-axial-groove bearing. The 
results discussed include the bearing baseline stiffness and damping coefficients, a 
comparison between the bearing experimental and theoretical   force coefficients, and 
whirl-frequency ratio. 
Table 5 shows the calculated Reynolds number for the test rotor speeds. The 
Reynolds number (Re) is given by the following equation: 
µ
ρωRCRe r=                       (40) 
The calculated test Reynolds numbers indicate that the flow is in the laminar 
flow regime. However, they are greater than 100. Therefore, it is a range in which Lund 
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and Reinhardt [10] anticipate a possible effect of fluid inertia on the bearing force 
coefficients. 
 
 
 
Table 5. Reynolds number at test speeds for axial groove bearing 
 
Speed (RPM) 4000 6000 8000 10,000 
Re 135 213 302 399 
 
 
 
Baseline Dynamic Stiffness 
The tests aim to measure rotordynamic coefficients of the test bearing. However, 
the measurement procedure also measures stiffness and damping introduced by the pitch 
stabilizers, hose connections, etc. To account for these additional elements, a baseline 
test was conducted at zero rotor speed and with no oil supplied to the bearing (dry 
shakes). Figs. 18, 19 and 20 show the real and the imaginary parts of the direct and 
cross-coupled baseline dynamic stiffness. As explained in the dynamic test procedure 
section above, the four dynamic stiffness Hxx, Hyy, Hxy and Hyx are given in the 
following equations: 
xx
2
xxxx CM-K ΩΩ iH xx +=                                                                                           (41) 
 CMK yyyyyy ΩΩ iH yy +−= 2                                                                                         (42) 
 CMK xyxyxy ΩΩ iH xy +−= 2                                                                                        (43) 
   CMK yxyxyx ΩΩ iH yx +−= 2                                                                                       (44) 
The uncertainty of the force coefficients is calculated using equations (36 and 37) 
given above in the dynamic test procedure section. Table 6 summarizes the baseline 
force coefficients and their uncertainties. Fig. 18 shows that both Hxx and Hyy real part 
curves are almost flat which indicates no significant added mass as would be expected 
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because there is no oil film. Fig. 19 shows that xyK  and yxK  are very small as expected 
also because unlike journal bearings, structures movements in x and y directions are not 
coupled. Fig. 20 shows some structural damping xxC and yyC  with no cross-coupled 
damping xyC and yxC  as expected. 
 
 
 
Table 6. Baseline dynamic force coefficients 
xxK  (MN/m) 2.83±0.202 
xyK  (MN/m) 0.13±0.144 
yxK (MN/m) -0.05±0.118 
yyK (MN/m) 2.62±0.320 
xxC (kN.s/m) 2..33±0.134 
xyC (KN.s/m) 0.34±0.231 
yxC (kN.s/m) 0.36±0.230 
yyC (kN.s/m) 2.84±0.580 
xxM (kg) -0.87±0.235 
xyM (kg) 0.36±0.168 
yxM (kg) 0.07±0.137 
yyM (kg) 0.10±0.372 
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Fig. 18 Baseline real direct dynamic stiffness 
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Fig. 19 Baseline cross-coupled direct dynamic stiffness 
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Fig. 20 Baseline imaginary dynamic stiffness 
 
 
 
Example of Bearing Dynamic Stiffness 
This section provides an example of how the bearing rotordynamic coefficients 
and their associated uncertainties are extracted from the measured dynamic stiffness. 
The following example includes a condition at 6000 rpm and a static unit load of 345 
kPa (50 psi). Referring to Fig. 21, the real part of the direct dynamic stiffness (Re(Hxx)) 
and (Re(Hyy)) is fitted to a line whose slope and intercept are estimates of the opposite 
sign of the direct added-mass ( xxM−  and yyM− ) and stiffness ( xxK  and yyK ). 
Evaluating equations 27 and equations 29 through 37 results in the values given in table 
7 for these four parameters. 
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Fig. 21 Dynamic stiffness at 6000 rpm and 345kPa 
 
 
 
Fig. 22 presents the real part of the cross-coupled dynamic stiffness.  Unlike the 
real part direct dynamic stiffness, the real part of the cross-coupled dynamic stiffness is 
almost frequency independent. This means that the inertia effect on the cross-coupled 
stiffness can be neglected. Actually, if the curves are fitted using the outlined procedure 
above, the result shows high uncertainty of the added mass up to 65%. Therefore, the 
effect of inertia on cross-coupled stiffness of this bearing is neglected. An average 
stiffness is calculated instead. The uncertainty is calculated using: 
N
tK σ±=∆                                                                                                              (45) 
( )
1
ˆ
1
2
−
−
=
∑
=
N
yy
N
i
ii
σ                                                                                                    (46) 
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Fig. 22 Real cross-coupled dynamic stiffness at 6000 rpm and 345 kPa 
 
 
 
Fig. 23 presents the real and cross-coupled imaginary part of the impedance 
function. The damping coefficients (Cxx, Cyy, Cxy, and Cyx) are identified from the slope 
of the imaginary part of the dynamic stiffness. Evaluating equations (27) and equations 
(29) through (37) results in the values given in table 7 for the damping coefficients. 
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Fig. 23 Direct and cross-coupled imaginary part at 6000 rpm and 345 kPa 
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Table 7. Bearing force coefficients at 6000 rpm and 345 kPa (50 psi) 
 
xxK  (MN/m) 28.56±2.233 
xyK  (MN/m) -36.01±2.449 
yxK (MN/m) 94.30±4.668 
yyK (MN/m) 34.77±4.811 
xxC (kN.s/m) 191.33±6.902 
xyC (KN.s/m) 34.44±9.014 
yxC (kN.s/m) 42.68±10.062 
yyC (kN.s/m) 265.35±24.849 
xxM (kg) 18.42±3.142 
xyM (kg) 0 
yxM (kg) 0 
yyM (kg) 23.54±5.898 
 
 
 
Stiffness Coefficients 
Figs. 24 (a), (b), (c), (d) and (e) show the experimental direct and cross-coupled 
bearing stiffness versus rotor speed at 0 kPa, 345 kPa, 690 kPa, 1034 kPa, and 1379 kPa 
respectively. For all figures except 24 (a), the experimental results are compared to the 
stiffness values obtained by the numerical solutions. The numerical solution is undefined 
at the no-load conditions. The uncertainties of the experimental results are given by the 
error bars of the data and they are below ±15% in most cases. Generally, the 
experimental stiffness coefficients follow the same trend as the numerical values except 
for xxK . While the experimental results show that xxK  decreases as speed increases at a 
fixed load (Sommerfeld number increases), the numerical results show that xxK  
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increases. The figures also show that the bearing stiffness yyK  increases as load 
increases at a fixed speed or as speed decreases at a fixed load, i.e., as Sommerfeld 
number decreases. The bearing develops no direct stiffness if the rotor is centered in the 
bearing clearance, i.e., at no-load or at high speed conditions (high Sommerfeld 
number). Furthermore, the figures show that at all test conditions, the bearing 
experimental direct stiffness yyK is lower than the predicted values. The maximum 
difference between predicted and estimated yyK  is 40% at 4000 rpm and 690 kPa. This 
result is consistent with the finding from Fig. 11 which shows that the bearing operates 
at higher eccentricity than predicted. Also, the figures show that the bearing measured 
cross-coupled stiffness xyK  is lower than predicted especially at high speeds. The 
difference between predicted and experimental values increases from 2% at 4000 rpm to 
about 100% at 10000 rpm. This result is also consistent with findings from Fig. 14 which 
shows that the bearing operates at lower attitude angle than predicted. Fig. 24 shows 
reasonable agreement between predictions and experimental results at low speeds.  
Figs. 25 (a) and (b) show the bearing non-dimensional stiffness coefficients 
versus Sommerfeld number. The bearing stiffness coefficients are non-dimensioned 
using: 
 )
W
C(Kk rijij =                                                                                             (47) 
The figure shows that both measured and predicted values of yyk  decrease as 
Sommerfeld number increases. However, the figure shows that the measured and 
predicted values of xxk  diverge as Sommerfeld number increases. A slight increase in 
xxk  is predicted as Sommerfeld number increases, while the measured values show that 
xxk  slightly decreases as Sommerfeld number increases. The figure also shows that both 
measured and predicted xyk  and yxk  increase as Sommerfeld number increases. The 
figure also shows that measured values of xyk  and yxk  are less than predicted at high 
Sommerfeld numbers. Also, xyk  and yxk  have opposite signs, which means that they act 
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to destabilize the rotor. Also, the figure shows that the maximum difference between xyk  
and yxk  values is at high Sommerfeld number. This result explains why rotors supported 
on journal bearings become unstable if operated above a certain Sommerfeld number.  
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 (a) 0 kPa 
 
Fig. 24 Axial groove bearing stiffness coefficients vs. rotor speed 
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(b) 345 kPa 
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Fig. 24 “Continued” 
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      (d) 1034 kPa 
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 (e) 1379 kPa 
Fig. 24 “Continued” 
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(a) Direct Stiffness 
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    (b) Cross-coupled Stiffness 
Fig. 25 Axial groove bearing dimensionless stiffness vs. Sommerfeld number 
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Figs. 26 (a), (b), (c), and (d) compare the bearing static stiffness determined as 
the local slope of the force-displacement curve to the dynamic stiffness at zero 
frequency. The bearing stiffness and flexibility coefficients are related by the following 
equation: 
[ ]
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎣
⎡
∂
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KK
)KKKK(
K 11                                       (48) 
Thus,  
xx
yxxy
yy
y
K
KK
K
y
f −=∂
∂
                                                                                                   (49) 
The figures show that the bearing stiffness as estimated from the static test is lower than 
that obtained from the dynamic test. The figures also show a sharp increase in the 
stiffness estimated from the dynamic test as load increases. 
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(a) 4000 rpm 
Fig. 26 Axial groove bearing direct stiffness from static and dynamic tests 
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(b) 6000 rpm 
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(c) 8000 rpm 
Fig. 26 “Continued” 
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  (d) 10,000 rpm 
Fig. 26 “Continued” 
 
 
                  
Damping Coefficients 
Figs. 27 (a), (b), (c), (d) and (e) show the bearing experimental direct and cross-
coupled damping versus rotor speed at 0 kPa, 345 kPa, 690 kPa, 1034 kPa and 1379 kPa 
respectively. The bearing damping coefficients are direct measures of the bearing’s 
capability to dissipate energy. The damping coefficients  xxC , yyC , yxC , and yxC are 
related to the bearing reaction force by equation (8). 
For all figures except 27 (a), the experimental results are compared to predicted 
values. The numerical solution is undefined at no-load conditions. The uncertainties of 
the experimental results are given by the error bars of the data and they are below ±15% 
in most cases. The experimental direct damping coefficients follow predicted trend. 
Although, the experimental values are less than predictions at most conditions, the 
difference between experimental and predicted direct damping coefficients is less than 
20% at most conditions. The maximum difference between experimental and numerical 
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direct damping results is 26% for yyC  at 6000 rpm and 1379 kPa. The direct damping 
coefficients increase as load increases or speed decreases, i.e. as Sommerfeld number 
decreases.  
The figures also show that predicted cross-coupled damping coefficients yxC , and yxC  
are equal at all test conditions. However, the experimental values of the cross-coupled 
damping coefficients yxC , and yxC  are lower than predicted. Both numerical and 
experimental results of yxC , and yxC  show a decrease as speed increases at fixed load.  
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 (a) 0 kPa 
Fig. 27 Axial groove bearing damping coefficients vs. speed at various load condition 
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    (b) 345 kPa 
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(c) 690 kPa 
Fig. 27 “Continued” 
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(d) 1034 kPa 
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(e) 1379 kPa 
Fig. 27 “Continued” 
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Figs. 28 (a) and (b) shows the non-dimensional bearing damping coefficients 
versus Sommerfeld number. The bearing damping coefficients are non dimensioned 
using the following equation: 
)
W
ωC(Cc rijij =                                                                                             (50) 
Fig. 28 (a) shows that both the experimental and numerical non-dimensional direct 
damping increase as Sommerfeld number increases. This result should not be confused 
with the result obtained from Fig. 26 about the relationship between direct damping and 
Sommerfeld number. Dimensional direct damping decreases as Sommerfeld number 
increases. However, non-dimensional direct damping increases as Sommerfeld number 
increases. Fig. 28 (b) shows that the predicted cross-coupled damping is constant for all 
Sommerfeld numbers. However, the experimental values fluctuate within 25%-75% 
below the numerical results. 
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Fig. 28 Axial groove bearing non-dimensional damping versus Sommerfeld number 
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(b) Cross-coupled damping 
Fig.28 “Continued” 
 
 
 
Added Mass Coefficients 
Figs. 29 (a), (b), (c), (d) and (e) show the bearing direct added mass coefficients 
versus rotor speed at various load condition. The cross-coupled mass terms are 
disregarded because of their high uncertainties. Fig. 29 (a) shows the added mass 
coefficients at no-load conditions. The figure shows that the direct added mass yyM  
increases with speed from 60 kg at 4000 rpm to 75 kg at 10000 rpm. However, the direct 
added mass xxM decreases slightly from 44 kg at 4000 rpm to 36 kg at 10000 rpm. Fig. 
28 (b) shows the added mass coefficients at 345 kPa. The figure shows that both xxM  
and yyM  values are lower compared to the no-load condition. Fig. 29 (c) shows that both 
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xxM  and yyM  values at 690 kPa are zero at all speeds except at 10000 rpm. Figs. 29 (d) 
and (e) show that both xxM  and yyM  values are zero at all speeds for unit load of 1034 
kPa and 1379 kPa. The uncertainties of the added mass terms are given by the error bars 
of the data and they are below ±25% in most cases. Note that the uncertainty of the mass 
terms increases as load increases i.e. as Sommerfeld number decreases. The reason for 
this is that at low Sommerfeld number, the dynamic stiffness can not be fitted using the 
quadratic equation )( 2Ω− mK . In these cases, the mass term is set to zero and an 
average stiffness is reported. 
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(a) 0 kPa 
Fig. 29 Axial groove bearing added mass coefficients vs. speed 
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(c) 690 kPa 
Fig. 29 “Continued” 
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(d) 1034 kPa 
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   (e) 1379 kPa 
Fig. 29 “Continued” 
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Figs. 30 (a) and (b) shows the direct added mass terms in dimensionless form 
versus Sommerfeld number and eccentricity ratio respectively. The added mass terms 
are non-dimensioned using the following equation: 
)/(2 r
ij
ij CRLR
M
m ρπ=                                           (51) 
Fig. 30 (a) shows significant amount of direct added mass for Sommerfeld 
number greater than 0.60. Using equation (51), the direct added mass for Sommerfeld 
number > 0.6 is in the range of 20-70 kg. However, there is no direct added mass for S 
<0.60. Fig. 30 (b) shows both experimental and numerical Mxx and Myy predicted by 
Reinhardt and Lund [10] versus 0ε . The figure shows that Lund and Reinhardt [10] 
under predicted the added mass at zero eccentricity. However, their analysis showed that 
if the unloaded pad is considered to contribute then, the predicted added mass 
coefficients at zero eccentricity ratio is twice the value shown in Fig. 30 (b). The figure 
also shows that both experimental Mxx and Myy decreases with 0ε . The figure shows no 
added mass for 0ε > 0.50. On the other hand, the figure shows that predicted Myy 
increases with increasing 0ε while Mxx decreases slightly. 
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(a) Added mass vs. S  
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(b) Added mass vs. 0ε  
Fig. 30 Axial groove bearing non-dimensional added mass vs. S and 0ε  
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Whirl-frequency Ratio (WFR) 
Experimental WFR ignoring inertia effect is determined from the measured 
dynamic coefficients using equations (12) and (13). To account for the effects of fluid 
inertia on the WFR an analysis following San Andres [27] is carried out. The WFR is 
given by: 
0)()( 42 =++ WFRcWFRba              (52) 
Where, 
eqyyxxeqyxxyyyxx kkkkkkkka )(
2 +−+−=                                                                   (53) 
Termkkkmmkkkb eqmeqeqyyxxeqmyyxx −−+++= 2)()(                                            (54) 
yxxyxyyxyxxyyyxxxxyyyyxx ccmkmkccmkmkTerm −−−++=                                        (55) 
yyxx
xyyxyxxyyyxxxxyy
eqm cc
mcmcmcmc
k +
−−+=                                                                    (56) 
The dimensionless added mass coefficients from San Andres [27] are given as: 
ij
r
ij MW
Cm
2ω=                                                                                                              (57) 
After obtaining the coefficients a, b and c, Equation (52) can be solved for the WFR. 
Fig. 31 shows a comparison between the numerical and experimental whirl-
frequency ratio. The figure shows good agreement between the theoretical and 
experimental whirl-frequency ratio for Sommerfeld number less than 0.80. For example, 
the figure shows that the bearing whirl-frequency ratio ignoring inertia effect is 0.45 at 
0.20 Sommerfeld number and 0.48 at 0.62 Sommerfeld number which are 4% from the 
numerical values. The largest difference between numerical and experimental WFR for 
Sommerfeld number S< 0.8 is 20% at 0.60 Sommerfeld number. Theoretically, WFR 
increases with Sommerfeld number. However, the experimental results do not show this 
trend clearly. The large difference between numerical and experimental WFR for 
Sommerfeld number S>0.80 is contributed to the inaccuracy of the measured dynamic 
coefficients due to the bearing whirling action at high Sommerfeld number test 
conditions. Fig. 31 also shows that WFR considering inertia effect is slightly less than WFR 
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without considering inertia effect. This means that inertia helps stabilize the bearing. However, 
this difference is very small and can be ignored. 
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Fig. 31 Axial groove bearing experimental and theoretical whirl-frequency ratio vs. 
Sommerfeld number 
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PRESSURE-DAM BEARING TEST RESULTS 
 
Static Test Results 
As in the axial-groove bearing test results section above, this section discusses 
the static performance of the pressure-dam bearing. Data presented in this section 
includes bearing eccentricity ratio 0ε , attitude angle ψ  and estimated power losses E.   
Experimental eccentricity ratio, attitude angle and power loss values will be compared to 
numerical values as obtained from 2XLTRC 2. The bearing measured cold radial 
clearance was 0.119~0.131 mm (4.68~5.15 mils). The bearing clearance was measured 
again after the test was completed and found to be increased by about 0.005 mm (0.2 
mils). The oil flow rate was maintained at 32 liter/min (8.5 GPM). Oil inlet temperate 
varied within 37.8°C-48.8°C (100°F-120°F) while the supply pressure was fixed at 
around 172 kPa (25 psi). Oil outlet temperatures are given in appendix B (page 102). 
Table 8 gives the Reynolds number for the test rotor speeds as calculated using equation 
(38). Because of the increase clearance in the pocket, Reynolds number in this region is 
expected to be three to four times higher than the values in table 8. Table 9 summarizes 
the test conditions for the pressure-dam bearing in terms of rotor speed and static load. 
Table 9 shows that, unlike the axial-groove bearing, the pressure-dam bearing was tested 
at 12,000 rpm because no vibration problem was encountered. Figs. 32 (a), (b) and (c) 
show the frequency spectrum at 11,000 rpm, 12,000 rpm, and 13,000. The figure shows 
a sharp increase in the 1X frequency response as speed is increased. Therefore, the test 
was stopped at 12,000 rpm. Table 9 also shows more static test points at 10,000 rpm 
compared to the axial-groove bearing. The reason for this is explained later. 
 
 
 
                                                 
2 XLPresDm™ Spreadsheet is used for this analysis. The code assumes isothermal and laminar flow  
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Table 8. Reynolds number at test speeds for pressure-dam bearing 
RPM 4000 6000 8000 10,000 12,000 
Re 133 214 302 401 479 
 
 
 
Table 9. Test Matrix for pressure-dam bearing 
kPa 
(psi) 
 
RPM 
0 
(0) 
172 
(25) 
345 
(50) 
517 
(75) 
690 
(100) 
862 
(125) 
1034 
(150) 
1207 
(175) 
1379 
(200) 
1517 
(220) 
1655 
(240) 
 
1793 
(260) 
1930 
(280) 
4000 S,D S S,D S S,D S S,D S      
6000 S,D S S,D S S,D S S,D S S,D     
8000 S,D S S,D S S,D S S,D S S,D S S   
10000 S,D S S,D S S,D S S,D S S,D S S,D S S 
12000 S,D S S,D S S,D S S,D S S,D S S,D S S 
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(a) 11,000 rpm 
Fig. 32  Rotor frequency spectrum at 11,000 rpm, 12,000 rpm and 13,000 rpm with 
pressure-dam bearing 
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(b) 12,000 rpm 
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(c) 13,000 rpm 
Fig. 32 “Continued” 
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Eccentricity 
Fig. 33 shows the bearing eccentricity ratio at different rotor speeds versus 
Sommerfeld number. The figure also compares experimental results to 2XLTRC  
predictions. The figure shows that, as expected, the bearing operates more eccentrically 
at low Sommerfeld numbers. Also, the figure shows that the bearing operates at 
moderate eccentricity ratios at high Sommerfeld numbers, except for 4000 rpm. This 
indicates that the dam is less effective at low speeds. Moreover, the figure shows that for 
S<0.60, the experimental eccentricity ratio is a function of Sommerfeld number. 
However, as Sommerfeld number increases, load decreases, eccentricity ratio increases 
with speed even for the same Sommerfeld number. For example, at 1.2 Sommerfeld 
number, the bearing eccentricity ratios are 0.41 at 6000 rpm, 0.5 at 10,000 rpm and 0.54 
at 12,000 rpm. This also indicates that the dam is more effective at high speeds. Fig. 32 
also shows that the bearing operates more eccentrically than predicted except for 4000 
rpm at high Sommerfeld number. As explained earlier, the higher experimental 
eccentricity ratios compared to predictions can be contributed to an increase in the 
clearance due to thermal growth and the assumption of an isothermal process in the 
numerical solution. 
Fig. 34 shows the effect of clearance on predicted eccentricity. The eccentricity 
ratio at the hot clearance refers to predictions at the measured clearance after the test was 
completed. The figure shows about a 5% increase in the predicted eccentricity ratio for 
low Sommerfeld numbers.   
Fig. 35 compares the experimental and numerical eccentricity ratios for both the 
axial-groove bearing and the pressure-dam bearing. The figure shows that numerical 
analysis predicts that the pressure-dam bearing operates at higher eccentricity ratio. 
However, experimental results show that for S<0.2, both bearings operated at almost the 
same eccentricity ratio. For 0.2 <S<0.5, the axial-groove bearing operated slightly more 
eccentrically. The reason for this will be explained later. For S>0.5, the pressure-dam 
bearing eccentricity ratio stays almost constant at 0.50. However, the axial-groove 
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bearing eccentricity ratio decreased sharply. This result indicates that the pressure-dam 
bearing is more favorable at high Sommerfeld numbers. 
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Fig. 33 Pressure-dam bearing eccentricity ratio vs. Sommerfeld number 
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Fig. 34 Pressure-dam bearing eccentricity ratio vs. Sommerfeld number at cold and hot 
clearances 
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Fig. 35 Axial-groove bearing and pressure-dam bearing eccentricity ratios vs. 
Sommerfeld number 
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Attitude Angle 
The attitude angle as defined in Fig. 1 is calculated from the bearing equilibrium 
position (ex, ey) using equation (18). Fig. 36 shows the bearing equilibrium position as a 
fraction of the bearing clearance for different test speeds at different load conditions. 
The figure shows that at no-load conditions, the bearing moves in the positive x-
direction. Also, the bearing experiences higher eccentricity in the positive x-direction as 
speed increases. This displacement is mainly a result of the x-component of the force 
generated by the dam and the lateral force due to fluid rotation. Moreover, the figure 
shows that at all speeds, except 4000 rpm, and no-load, the bearing undergoes an 
eccentricity in the negative y-direction that increases with speed. This means that the 
bearing attitude angle at these conditions is higher than 90˚. This also means that the 
bearing needs to be loaded to be brought back to zero eccentricity in the y-direction 
which explains why the pressure-dam bearing was tested at higher loads than the axial-
groove bearing at 10,000 rpm. This also explains why the pressure-dam bearing has 
lower eccentricity ratio for 0.2<S<0.5. The reason for the high attitude angle is that at 
no-load conditions, the only acting force is the loading from the step. The direction of 
this force is in the fourth quadrant causing the attitude angle to be over 90˚ [12]. The 
figure also shows that as load is applied the bearing moves in both positive x and y 
direction. The displacement in the x-direction reaches maximum at moderate loads then 
decreases as more load is applied. The maximum x-displacement for all speeds is about 
0.50-0.60. 
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Fig. 36 Pressure-dam bearing locus plot 
 
 
 
Fig. 37 shows the bearing attitude angle at various test conditions versus 
Sommerfeld number. The plot also compares calculated attitude angles to predictions. 
The figure shows that the attitude angle increases as the Sommerfeld number increases. 
Also, for S<0.80, experimental attitude angles can be considered functions of 
Sommerfeld number. However, for S>0.80, attitude angle depends also on the running 
speed. Fig. 37 also shows that the bearing attitude angles are higher than predicted.  
Possible reason for this is that the code under predicts the displacement in the x-direction 
due to step load. The x-component of the step force increases as the step angle increases 
[12]. Therefore, attitude angle is expected to increase as the step angle increases. Fig. 38 
compares the experimental attitude angle to predictions for sθ =130, and sθ = 150. The 
figure shows that the attitude angles are more than 90º is higher for sθ =150 at high 
Sommerfeld numbers. 
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Fig. 37 Pressure-dam bearing attitude angle vs. Sommerfeld number 
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Fig. 38 Pressure-dam bearing attitude angle vs. Sommerfeld number at different step 
locations 
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Power Losses 
Figs. 39 (a), (b), (c), and (d) compare the calculated power loss at different loads 
and speeds to predictions. Power losses are estimated using equations (19, 20, 21 and 
22). Generally, numerical solution under predicts the power loss at low speeds by more 
than 100% at some test conditions. However, it predicts well the power loss at high 
speeds. The figure also shows increasing the speed increases the power loss sharply. The 
figure also shows that pressure-dam bearing has lower power losses than the axial-
groove bearing given in Fig. 17. This is expected since the pressure-dam bearing has 
lower shear stress in the dam location due to the increase clearance. 
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(a) 345 kPa  
Fig. 39 Pressure-dam bearing power loss vs. rotor speed 
 
  
72
 
0
2
4
6
8
10
12
14
0 2000 4000 6000 8000 10000 12000 14000
Speed (RPM)
Po
w
er
 lo
ss
 (k
W
)
690 kPa exp
690 kPa num
 
(b) 690 kPa 
 
 
 
0
2
4
6
8
10
12
14
0 2000 4000 6000 8000 10000 12000 14000
Speed (RPM)
P
ow
er
 lo
ss
 (k
W
)
1034 kPa exp
1034 kPa num
 
(c) 1034 kPa 
Fig. 39 “Continued” 
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Fig. 39 “Continued” 
 
 
 
Dynamic Test Results 
This section presents the results of the dynamic test for the pressure-dam bearing. 
The results discussed in this section include the bearing experimental and numerical 
force coefficients, and whirl-frequency ratio. 
Stiffness Coefficients 
Figs. 40 (a), (b), (c), (d), (e), and (f) show the experimental direct and cross-
coupled bearing stiffness versus rotor speed at 0 kPa, 345 kPa, 690 kPa, 1034 kPa, 1379 
kPa, and 1655 kPa respectively. For all figures except 40 (a), the experimental results are 
compared to the stiffness values obtained by the numerical solutions. The numerical 
solution is undefined at the no-load condition. Therefore, in Fig. 40 (a), the numerical 
solution at 33 kPa is shown. The uncertainties of the experimental results are given by 
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the error bars of the data and they are below ±15% in most cases. Generally, the 
experimental stiffness coefficients follow the same trend as predicted values except 
for yyK at 12,000 rpm, high load conditions. While the numerical results show that yyK  
decreases as speed increases at 1034 kPa, 1379 kPa, and 1655 kPa , the experimental 
results show that yyK  decreases up to 10,000 rpm; then, it increases sharply. This 
increase causes the bearing whirl-frequency ratio to decrease at 12,000 rpm as will be 
shown later. The figures also show that the bearing stiffnesses yyK  and xxK  increase as 
speed increases at no and low-load conditions (0 kPa, 345 kPa, and 690 kPa). This 
increase is caused by the increase in the step load as speed increases which results in 
higher eccentric operation. Furthermore, the figures show that at all test conditions, the 
bearing experimental direct stiffness yyK and xxK  values are lower than predicted. The 
minimum difference between predicted and measured direct stiffness is less than 1% for 
yyK  at 10,000 rpm and 12,000 rpm with 345 kPa unit load. However, the maximum 
difference between predicted and measured direct stiffness is about 100% for yyK  at 
4000 rpm with 345 kPa. This result is attributed to the result from Fig. 33 which shows 
that the bearing operated at lower eccentricity ratio than predicted at this condition. This 
also indicates that the dam is less effective at low speeds.  
Moreover, the figures show that the bearing   cross-coupled stiffness xyK and yxK  
increase as speed increases at light load. However, it tends to level off at high loads. The 
figures also show good agreement between experimental and predicted xyK values. 
However, the numerical solution over predicts yxK  values at all test conditions. The 
maximum difference is 48% at 10,000 rpm and 1034 kPa. As discussed in the axial-
groove bearing test results section above, the difference between the experimental and 
predicted stiffness values can be attributed to the increase in the bearing clearance due to 
thermal growth.  
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Fig. 40 Pressure-dam bearing stiffness coefficients 
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  (c) 690 kPa 
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  (d) 1034 kPa 
Fig. 40 “Continued” 
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Fig. 40 “Continued” 
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Figs. 41 (a), (b), (c), and (d) show the effect of clearance increase on the bearing 
stiffness coefficients at 690 kPa. The figures show that increasing the clearance 
decreases all four stiffness coefficients by about 10% at high speeds. Thus, it reduces the 
difference between experimental values and predictions by 25% at some points. 
 
 
 
(a) Kxx 
Fig. 41 Pressure-dam bearing stiffness coefficients at different bearing clearances 
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(c) Kyx 
Fig. 41 “Continued” 
  
80
 
0
50
100
150
200
250
0 2000 4000 6000 8000 10000 12000 14000
Speed (RPM)
K
yy
 S
tif
fn
es
s 
(M
N
/m
)
Kyy Exp
Kyy Num cold clearance
Kyy Num hot clearance
 
(d) Kyy 
Fig. 41 “Continued” 
 
 
 
Figs. 42 (a), and (b) compare the non-dimensional experimental and numerical 
direct and cross stiffness coefficients as predicted at the cold clearance versus 
Sommerfeld number. Fig. 42 (a) shows that experimental kxx is almost constant up to S 
=1.0 (except for 0.34 and 0.81 Sommerfeld number which corresponds to 4000 rpm with 
345 kPa, and 690 kPa); then, it increases. On the other hand numerical kxx increases as 
Sommerfeld number increases. Fig. 42 (a) also shows that kyy decreases as Sommerfeld 
number increases up to S=0.90 then, it increases. (The three points that shows high kyy at 
0.36, 0.41, and 0.67 Sommerfeld number corresponds to the 12,000 rpm high load 
conditions which were discussed above). Numerical kyy values show the same trend as 
experimental values except for the 12,000 rpm with high load conditions. The figure also 
shows that the difference between numerical and experimental and experimental kxx and 
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kyy is within 1-185%. Fig. 42 (b) shows that both experimental and numerical kxy and kyx 
values increases as Sommerfeld number increases. The figure also shows that the 
difference between experimental and numerical values is within 1-48%. 
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(a) Direct stiffness  
Fig. 42 Pressure-dam bearing non-dimensional stiffness vs. Sommerfeld number 
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    (b) Cross-coupled stiffness 
Fig. 42 “Continued” 
 
 
 
 Figs. 43 (a), (b), (c), (d), and (e) compare the bearing stiffness as estimated using 
equation (49). Similar to the axial groove bearing results in Figs. 26, Figs. 43 show that 
the static stiffness determined from the force-displacement curve is lower than the 
stiffness estimated from the bearing force coefficients at zero frequency. However, the 
figures show better agreement at low load conditions except for 4000 rpm. 
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(a) 4000 rpm 
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Fig. 43 Pressure-dam bearing direct stiffness from static and dynamic tests 
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(c) 8000 rpm 
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Fig. 43 “Continued” 
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(e) 12,000 rpm 
Fig. 43 “Continued” 
 
 
 
Figs. 44 (a), (b), (c), and (d) compare experimental stiffness coefficients for both 
the pressure-dam bearing and the axial-groove bearing at 345 kPa and 1379 kPa. Unlike 
the axial-groove bearing, Fig. 44 (a) shows that the pressure-dam bearing develops 
significant direct stiffness at high speeds even at low load conditions because of its 
eccentric operation at these conditions. However, the figure also shows that the pressure-
dam bearing has almost equivalent stiffness to the axial-groove bearing at 4000 rpm 
because of its low eccentricity. Fig. 44 (b) shows that both bearings have equivalent Kxy 
at low speeds. However, the pressure-dam bearing has lower Kxy at high speeds. The 
figure also shows that pressure-dam bearing has higher Kyx at all speeds. Figs 44 (c) and 
(b) show that as load increases, the difference between the bearings’ experimental 
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stiffness coefficients Kxx and Kyy diminish although higher stiffness coefficients are 
predicted for the pressure-dam bearing.  
The figure also shows that the pressure-dam bearing has lower Kyy at 8000 rpm 
and 10,000 rpm. The reason for this is that the pressure-dam bearing operates at lower 
eccentricity ratio at these speeds. The reason for the low eccentricity is that, at no-load 
the bearing moves in the negative y-direction. Fig. 44 (c) also shows that both bearings 
have almost equal cross-coupled stiffness coefficients Kxy and Kyx  even higher values are 
predicted especially for the pressure-dam bearing Kyx 
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(a) Kxx & Kyy at 345 kPa 
Fig. 44 Axial-groove bearing and pressure-dam bearing stiffness comparison 
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(b) Kxy & Kyx at 345 kPa 
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(c) Kxx & Kyy at 1379 kPa 
Fig. 44 “Continued” 
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(d) Kxy & Kyx at 1379 kPa 
Fig. 44 “Continued” 
 
 
 
Damping Coefficients 
Figs. 45 (a), (b), (c), (d), (e), and (f) show the experimental direct and cross-
coupled bearing damping versus rotor speed at 0 kPa, 345 kPa, 690 kPa, 1034 kPa, 1379 
kPa, and 1655 kPa respectively. For all figures except 45 (a), the experimental results are 
compared to the damping values obtained by the numerical solutions. The numerical 
solution is undefined at the no-load conditions. Therefore, in Fig. 45 (a), the numerical 
solution at 33 kPa is shown. The uncertainties of the experimental results are given by 
the error bars of the data and they are about ±10% in most cases. 
 Generally, the experimental damping coefficients decrease as speed increases; as 
predicted. However, as in the case of the experimental direct stiffness
yyK , the 
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experimental direct damping yyC  decreases as speed increases up to 10,000 rpm then, it 
increases at 12,000 rpm. This also helped reduce the WFR at 12,000 rpm as will be 
shown later. The code over predicts the damping coefficients at all test conditions. 
However, it better predicts the damping coefficients at low load conditions. 
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(a) 0 kPa 
Fig. 45 Pressure-dam bearing damping coefficients 
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(b) 345 kPa 
 
 
 
0
200
400
600
800
1000
1200
1400
0 2000 4000 6000 8000 10000 12000 14000
Speed (RPM)
D
am
pi
ng
 (k
N
.s
/m
)
Cxx exp Cxy exp Cyx exp
Cyy exp Cxx theo Cxy theo
Cyx theo Cyy theo
Load: 690 kPa
 
(c) 690 kPa 
Fig. 45 “Continued” 
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(d) 1034 kPa 
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Fig. 45 “Continued 
  
92
 
Load 1655 kPa
0
200
400
600
800
1000
1200
1400
9000 9500 10000 10500 11000 11500 12000 12500
Speed (RPM)
D
am
pi
ng
 (k
N
.s
/m
)
Cxx exp Cxy exp Cyx exp Cyy exp
Cxx theo Cxy theo Cyx theo Cyy theo
 
(f) 1655 kPa 
Fig. 45 “Continued” 
 
 
 
Figs. 46 (a), (b), (c), and (d) compare the predicted bearing damping coefficients 
at both the cold and hot clearances to experimental results at 1379 kPa. Fig. 46 (a) shows 
that the increase in the clearance significantly reduces the difference between Cxx 
predicted and experimental values. The difference reduces from about 32% to 23% at 
12,000 rpm. However, Figs. 46 (b), (c), and (d) show smaller reduction in the damping 
coefficients Cxy, Cyx and Cyy. 
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(a) Cxx  
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(b) C xy 
Fig. 46 Pressure-dam bearing damping coefficient at difference clearances 
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(d) Cyy 
Fig. 46 “Continued” 
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Figs. 47 (a), and (b) show the non-dimensional damping coefficients versus 
Sommerfeld number. As predicted, these coefficients increase as Sommerfeld number 
increases. Fig. 47 (a) shows that numerical analysis over predict direct damping 
coefficients by 5-50% with better agreement for Cxx. Fig. 47 (b) shows that numerical 
analysis over predicts cross-coupled damping coefficients by 25-200%.  
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 (a) Direct damping 
Fig. 47 Pressure-dam bearing non-dimensional damping vs. Sommerfeld number 
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(b) Cross-coupled damping 
Fig. 47 “Continued” 
 
 
 
Figs. 48 (a), (b), (c), and (d) compare the experimental damping coefficients for 
both the axial-groove bearing and the pressure-dam bearing at 345 kPa, and 1379 kPa. 
The figures show that the pressure-dam bearing has higher damping coefficients than the 
axial-groove bearing. 
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(a) Cxx & Cyy at 345 kPa 
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(b) Cxy & Cyx at 345 kPa 
Fig. 48 Axial-groove bearing and pressure-dam bearing damping comparison 
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(c) Cxx & Cyy at 1379 kPa 
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(d) Cxy & Cyx at 1379 kPa 
Fig. 48 “Continued” 
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Added Mass Coefficients 
Figs. 49 (a), (b), (c), (d), and (e) show the bearing direct added mass coefficients 
versus rotor speed at various load conditions. As in the axial-groove bearing, the cross-
coupled mass terms are neglected because of their high uncertainties. The figures show 
significant added mass (30-80) kg that increases as load decreases. The figures also 
show that the uncertainties of these coefficients are within ±20% in most conditions. 
Moreover, the figures show higher uncertainties at high loads i.e. as these coefficients 
decreases. 
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(a) 0 kPa 
Fig. 49 Pressure-dam bearing added mass coefficients 
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(c) 690 kPa  
Fig. 49 “Continued” 
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(d) 1034 kPa 
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(e) 1379 kPa 
Fig. 49 “Continued” 
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Fig. 50 compares the axial-groove bearing and pressure-dam bearing added mass 
coefficients. The figure shows that added mass coefficients for both bearings decrease as 
eccentricity increases. Moreover, the figure shows that the pressure-dam bearing has 
higher added mass coefficients than the axial-groove bearing. This result show that the 
fluid film inertia effect diminishes as eccentricity ratio increases. However, fluid film 
inertia effect is higher for the pressure-dam bearing than the axial-groove bearing as it 
extends to higher eccentricity ratios. This result is attributed to the pressure drop at the 
bearing step and the high Reynolds number in the pocket. 
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Fig. 50 Axial-groove bearing and pressure-dam bearing added mass coefficients 
comparison 
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Whirl-frequency Ratio (WFR) 
Fig. 51 compares experimental and predicted WFR for the pressure-dam bearing. 
The figure shows that the bearing is slightly more stable than predicted. Numerical 
analysis predicts that WFR increases from 0.50 at low Sommerfeld number, S<0.50, to 
0.53 at moderate Sommerfeld number, S=0.80. Then, it decreases to 0.46 at higher 
Sommerfeld number. Experimental results show that the bearing WFR is between 0.50 at 
low Sommerfeld number and 0.41 at high Sommerfeld number. The three points that 
shows WFR lower than 0.40 correspond to the 12,000 and 10,000 rpm high load 
conditions at which the bearing experimental direct stiffness Kyy and damping Cyy 
increased significantly. 
Fig. 52 compares experimental WFR for both axial-groove bearing and pressure-
dam bearing. Experimental results show that both bearings has almost equal WFR for 
S<1. However, pressure-dam bearing as predicted has about 8% lower WFR for S>1. 
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Fig. 51 Pressure-dam bearing whirl-frequency ratio 
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Fig. 52 Axial-groove bearing and pressure-dam bearing WFR comparison 
 
 
 
Fig. 53 shows the predicted effect of the step location on WFR. The figure shows 
significant reduction in the WFR as Sommerfeld number increases, S>1, for θs=150˚. 
The WFR reduces from 0.46 for θs=130 to 0.35 for θs=150˚ at S=10. However, the figure 
also shows no significant reduction in the WFR for low Sommerfeld number. However, 
most machines do not operate at such a high Sommerfeld number. Therefore, the 
pressure-dam bearing is frequently modified to include a relief track at the loaded pad. 
This track removes part of the bearing load-carrying surface thus forcing the bearing to 
operate at higher eccentricity ratio [12]. 
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Fig. 53 Predicted WFR vs. Sommerfeld number at different step angles  
 
 
 
Fig. 54 shows the predicted WFR of the tested pressure-dam bearing with and 
without a relief track. The relief track length ratio is tL
− = 0.25 while the groove depth is 
0.04”. The figure also shows the bearing predicted eccentricity ratio on the secondary 
axis. The figure shows that the bearing is always stable for S<0.90. However, as 
Sommerfeld number increases, the WFR for the both bearings approaches each other. 
The figure also shows that the minimum eccentricity ratio increases from 0.3 to 0.6 at 
high Sommerfeld number due to the relief track. Also, the bearing operates at very high 
eccentricity ratio for S<1 which is not favorable. Thus, the best operating region for this 
bearing is for 1<S<2. Within this range, the predicted bearing WFR is 0.3-0.35 and the 
bearing eccentricity is 0.75-0.7. 
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Fig. 54 Predicted WFR and eccentricity ratio vs. Sommerfeld number for pressure-dam 
bearing with/without relief track 
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SUMMARY AND CONCLUSIONS 
 
The purpose of this project is to experimentally validate the predicted advantages of 
pressure-dam bearings over two-axial-groove bearings. Both bearings’ static and 
dynamic characteristics were discussed and compared to predictions.  
The following points summarize the most important findings from the two-axial-
groove bearing tests: 
• Axial-groove bearing static tests show that the bearing eccentricity increases as 
load increases. In case of no-load, the bearing has zero eccentricity. Static test 
results also show higher eccentricity and lower attitude angle than predicted. 
• Dynamic tests show that the bearing direct stiffness increases as the eccentricity 
ratio increases.  
• Dynamic tests also show that the bearing has lower direct stiffness than predicted   
• The axial-groove bearing cross-coupled stiffness coefficients have opposite 
signs, which mean that they are destabilizing. Also, their values increase as speed 
increases. Also, good agreement between experimental results and predictions is 
found especially at low Sommerfeld numbers. 
• The axial-groove bearing direct damping coefficients increases as eccentricity 
increases while, the cross-coupled damping is constant. Damping coefficients are 
also lower than predicted with reasonable agreement between experimental and 
numerical direct damping coefficients. 
• The dynamic tests show that the axial-groove bearing has significant direct added 
mass as predicted by Reinhardt and Lund [10] that increases as eccentricity ratio 
decreases. The bearing estimated added mass is 20-70 kg for eccentricity ratio 
lower than 0.50. This added mass can alter the natural frequency for short rotors. 
•  Cross-coupled mass coefficients were ignored because of their high 
uncertainties. 
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• The two axial-groove bearing has WFR≈0.45. The bearing is more stable than 
predicted especially at high Sommerfeld number. 
• Fluid inertia has no significant effect on the tested bearing WFR. 
 The following points summarize the most important findings from the pressure-dam 
bearing tests: 
• The pressure-dam bearing static test shows that the dam is more effective at high 
speeds. The bearing operates at higher eccentricity as speeds increases at low 
loads. The bearing eccentricity versus Sommerfeld number curve flattens at 
about 0.50 eccentricity ratio for high speeds conditions. 
• The pressure-dam bearing attitude angles are higher than 90˚ at high Sommerfeld 
number. 
• The pressure-dam bearing develops significant stiffness even at no-load 
conditions due to its high eccentric operation. 
• The pressure-dam bearing has lower direct stiffness coefficients than predicted 
especially at low speeds. 
• The pressure-dam bearing cross-coupled stiffness coefficients are of opposite 
signs. Numerical analysis predicts cross-coupled stiffness coefficients 
reasonably.  
• The pressure-dam bearing damping coefficients increases as eccentricity 
increases. Numerical analysis predicts direct damping coefficients reasonably 
however, it over predicts the cross-coupled damping coefficients significantly.   
• The pressure-dam bearing has significant added mass 85-25 kg for eccentricity 
ratio lower than 0.66. 
• The pressure-dam bearing has WFR ≈0.45 at low Sommerfeld number except for 
10,000 and 12,000 rpm high load conditions. At these conditions WFR reduces to 
about 0.35. 
• The pressure-dam bearing has WFR≈0.41 at high Sommerfeld numbers. 
• Numerical analysis predicts that the pressure-dam bearing WFR can be reduced 
to 0.35 for S>1 by increasing the dam arc length to 150˚. 
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• Numerical analysis predicts that adding a relief track with tL− =0.25 increases the 
bearing eccentricity thus, improves the stability significantly for S<1. 
The following points compare the most important findings for both bearings: 
• At high Sommerfeld number, the pressure-dam bearing has higher eccentricity 
ratio and direct stiffness than the axial-groove bearing. The pressure-dam has 
also lower Kxy but higher Kyx. 
• At low Sommerfeld numbers, the pressure-dam bearing has about the same 
eccentricity and stiffness coefficients as the axial-groove bearing. 
• The pressure-dam bearing has higher damping coefficients than the axial-groove 
bearing. 
• The pressure-dam bearing has higher added mass than the axial-groove bearing. 
The increase in the added mass is believed to be due to the step inertia. 
• Both bearings have almost equal WFR at low Sommerfeld number except for 
10,000 and 12,000 rpm high load conditions. 
• The pressure-dam bearing is slightly more stable than the two axial-groove 
bearing at high Sommerfeld numbers.   
• Part of the difference between prediction and experimental results is caused by 
an increase in the bearing clearance due to thermal growth. Also, since the 
numerical analysis assumes an isothermal process, the reduction in the lubricant 
viscosity that results in lower eccentricity predictions is neglected. 
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APPENDIX A: AXIAL-GROOVE BEARING DATA 
 
Table 10. Static test data 
RPM kPa ex (µm) ey (µm) ε0 Tin (˚C) Tout(˚C) 
4000 0 0.00 0.00 0.00 43.3 45.6 
4000 172 28.19  39.11 0.34 42.2 45.4 
4000 345 35.05 54.36 0.46 43.8 47.9 
4000 517 41.91 74.17 0.61 42.2 46.5 
4000 690 43.67 87.38 0.70 41.1 46.1 
4000 862 42.93 99.82 0.77 40.2 44.7 
4000 1034 41.66 107.95 0.82 41.1 46.1 
6000 0 0.813 -1.52 0.11 46.1 49.7 
6000 172 7.21 1.14 0.05 41.6 46.1 
6000 345 20.65 25.35 0.23 45.0 50.6 
6000 517 30.98 42.93 0.38 47.2 52.4 
6000 690 37.84 59.69 0.50 42.2 47.4 
6000 862 42.16 74.93 0.61 43.3 48.9 
6000 1034 41.66 84.07 0.68 44.4 50.8 
6000 1207 44.70 95.50 0.75 41.1 47.5 
6000 1379 44.19 103.63 0.80 44.4 51.2 
6000 1655 43.43 117.60 0.89 42.7 49.8 
8000 0 8.89 0.00 0.01 44.4 51.3 
8000 172 15.24 6.60 0.12 45.5 53.1 
8000 345 25.41 25.44 0.26 45.0 53.7 
8000 517 33.78 41.40 0.38 43.3 52.6 
8000 690 40.89 58.92 0.51 40.5 50.0 
8000 862 44.19 71.37 0.60 42.7 52.6 
8000 1034 46.99 84.33 0.69 42.7 52.0 
8000 1207 46.74 93.22 0.75 41.1 51.1 
8000 1379 46.74 100.63 0.80 41.1 51.6 
8000 1655 45.57 114.81 0.88 42.7 54.3 
10000 0 12.6 0.254 0.01 43.8 55.6 
10000 345 25.1 23.88 0.24 43.3 58.1 
10000 517 33.02 43.94 0.39 43.3 56.1 
10000 690 39.11 58.93 0.51 44.4 59.1 
10000 862 43.69 70.10 0.59 40.0 54.5 
10000 1034 45.97 8.00 0.66 40.0 57.1 
10000 1207 46.22 91.95 0.73 39.4 57.1 
10000 1379 45.46 101.60 0.79 39.4 56.2 
10000 1655 44.45 112.01 0.86 39.4 58.1 
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Table 11. Force coefficients 
RPM kPa Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy Mxx Myy 
  (MN/m) (kN.s/m) (kg) 
4000 0 0.2 -34.6 81.4 0.7 210.5 -26.6 5.2 425.1 42.1 58.7 
4000 345 25.6 -27.8 79.4 41.3 213.2 57.9 69.2 359. 10.2 22.1 
4000 690 79.7 -39.3 154.5 100.5 328.1 183.4 159.7 630.6 0 0 
4000 1034 139.9 -31.8 238.8 229.0 440.2 371.3 286.4 1060.3 0 0 
6000 0 1.2 -52.0 104.8 0.8 182.7 -40.9 12.3 365.5 41.3 64.3 
6000 345.1 30.4 -39.2 92.3 36.5 185.5 24.5 39.6 293.9 16.4 23.2 
6000 690 75.0 -48.5 150.9 94.2 233.6 126.4 105.2 460.9 0 0 
6000 1034 120.2 -42.8 235.0 184.4 252.6 153.8 166.1 656.8 0 0 
6000 1379 173.0 -21.7 385.7 327.2 302.8 248.7 171.2 729.4 0 0 
8000 0 3.6 -66.7 113.7 6.3 169.8 -31.9 28.6 326.0 37.7 66.9 
8000 345 31.3 -53.8 89.2 42.2 139.5 32.9 43.1 249.2 27.7 41.6 
8000 690 66.7 -55.9 156.1 88.5 162.7 98.5 49.3 399.0 0 0 
8000 1034 114.7 -51.8 216.4 164.2 208.7 110.1 68.8 511.7 0 0 
8000 1379 155.9 -31.9 302.8 286.7 208.2 143.6 147.2 580.8 0 0 
10000 0 5.0 -87.9 122.7 16.5 154.6 -27.7 40.5 296.9 35.1 73.3 
10000 345 33.9 -70.4 110.0 45.2 150.3 23.1 59.9 233.7 28.5 36.1 
10000 690 75.6 -59.5 168.6 96.1 160.1 78.3 67.2 311.2 34.6 46.6 
10000 1034 100.4 -60.8 228.6 157.2 172.4 125.3 123.4 489.2 0 0 
10000 1379 145.5 -43.0 313.4 263.1 180.4 107.4 59.4 473.0 0 0 
 
 
  
115
 
Table 12. Uncertainty of force coefficients 
RPM kPa Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy Mxx Myy 
  (MN/m) (kN.s/m) (kg) 
4000 0 2.10 2.20 1.10 3.30 5.80 5.40 3.70 8.50 3.90 6.10 
4000 345 3.12 2.24 3.36 3.92 6.66 8.45 5.02 44.10 4.76 5.81 
4000 690 8.30 5.23 13.10 9.42 27.20 18.20 32.90 22.80 16.29 0 
4000 1034 10.80 7.90 9.27 11.80 23.10 30.90 45.10 111.60 0 0 
6000 0 4.65 4.27 3.08 4.52 4.40 6.50 9.00 18.60 8.43 4.64 
6000 345 0.97 2.86 3.06 2.28 8.11 7.30 9.70 18.20 2.63 6.12 
6000 690 2.23 2.27 4.73 3.55 5.50 8.10 24.70 31.10 0 0 
6000 1034 4.55 3.71 12.70 6.85 13.60 14.20 50.20 57.10 0 0 
6000 1379 8.37 7.07 7.35 14.27 13.80 16.80 135.50 101.00 0 0 
8000 0 2.90 3.00 2.90 5.40 10.50 5.50 10.50 5.40 5.90 8.20 
8000 345 3.60 1.87 4.79 4.70 13.10 5.10 22.10 14.30 6.70 10.30 
8000 690 5.49 5.13 9.58 3.77 9.60 12.20 28.80 30.10 0 0 
8000 1034 5.71 3.50 19.80 8.60 14.00 11.10 29.90 54.10 0 0 
8000 1379 4.07 4.14 12.01 6.76 20.86 24.70 29.45 48.80 0 0 
10000 0 3.42 5.77 3.03 6.30 9.84 10.10 6.70 12.50 5.46 11.60 
10000 345 3.70 3.81 4.90 4.20 7.40 5.56 27.20 18.77 5.52 6.86 
10000 690 8.93 6.24 6.35 7.15 17.90 17.70 32.44 11.75 15.81 11.30 
10000 1034 8.63 4.09 10.55 6.34 13.91 33.20 57.10 38.10 0 0 
10000 1379 6.77 4.82 10.47 4.71 18.30 13.89 31.90 36.50 0 0 
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Table 13. Dynamic stiffness real and imaginary parts at 4000 rpm 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 -1.1 24.6 -35.5 -5.0 80.6 -0.7 3.3 54.1 0.63 0.69 1.09 0.41 2.11 0.65 0.61 1.42 
30 -1.0 38.3 -36.0 -6.9 80.5 0.9 1.8 79.2 0.39 0.72 1.29 0.37 1.68 0.56 0.70 1.90 
40 -1.3 50.8 -35.1 -8.3 82.8 0.1 -1.7 106.2 0.61 1.10 1.32 0.75 1.71 0.68 0.52 2.72 
50 -3.2 62.8 -33.2 -10.4 84.5 0.1 -5.4 133.6 0.66 1.47 1.31 0.42 1.49 1.24 0.74 3.46 
60 -11.3 71.5 -33.3 -18.2 88.3 -0.5 -6.2 162.4 55.18 36.06 25.99 36.11 5.39 5.59 4.20 4.12 
70 -5.2 86.2 -28.9 -13.1 87.8 0 -17.0 193.9 1.75 1.60 2.25 1.31 2.80 3.14 8.82 4.39 
80 -10.2 98.4 -27.6 -18.5 87.3 1.4 -14.0 217.2 1.31 2.60 1.84 1.13 2.20 1.86 1.05 5.64 
90 -14.1 112.4 -24.8 -20.3 89.9 -0.6 -18.6 240.2 1.54 2.99 1.15 1.42 2.95 1.99 1.96 5.78 
100 -17.5 125.9 -22.6 -22.4 91.4 0.4 -22.7 268.9 2.17 3.66 2.45 2.31 1.51 3.52 3.18 5.87 
110 -20.8 139.1 -17.9 -22.1 91.7 -0.6 -22.5 292.8 1.84 4.37 3.03 2.25 2.37 2.79 3.24 9.69 
120 -23.3 156.0 -17.7 -28.2 93.0 -0.3 -40.5 333.2 5.91 5.07 11.94 8.80 9.04 14.09 19.16 21.41 
130 -18.4 173.0 -9.5 -31.3 72.3 -29.1 -46.1 355.8 40.17 23.26 12.65 10.84 73.32 46.52 29.30 16.26 
140 -39.0 188.0 -13.0 -28.8 100.4 1.2 -47.3 370.0 3.24 4.90 3.42 4.45 6.60 4.47 6.45 13.73 
150 -20.6 231.5 -20.4 -24.2 115.4 1.1 -55.5 404.3 22.13 15.61 4.50 4.99 15.09 22.89 7.45 11.52 
160 -40.6 205.6 -5.8 -24.7 102.9 4.8 -54.3 424.9 3.67 4.97 3.21 4.18 2.43 2.38 4.70 16.15 
170 -44.5 223.1 -10.2 -28.6 108.8 7.8 -65.2 456.4 2.18 4.10 7.45 6.08 3.06 4.66 4.52 6.90 
180 -61.6 256.5 11.7 -3.1 108.0 16.3 -73.9 474.0 89.79 99.07 146.24 229.38 29.33 24.03 38.11 25.12 
190 -69.3 228.3 8.3 -26.8 116.1 9.8 -71.0 485.9 23.55 21.04 24.80 19.31 45.21 54.74 33.73 56.97 
200 -69.5 250.4 4.5 -29.9 116.4 13.5 -79.1 514.3 12.73 5.90 5.63 22.05 17.35 18.13 38.27 17.75 
210 -399.6 266.0 21.6 -58.6 70.8 19.5 -81.1 557.0 172.46 71.97 19.14 22.80 50.97 71.64 18.66 22.29 
220 -108.1 287.7 -2.2 -5.3 125.1 12.9 -117.8 589.1 8.06 9.95 9.91 10.42 11.33 9.55 20.15 16.50 
230 -106.6 302.3 6.5 -12.5 128.8 19.5 -85.8 624.3 6.38 2.69 11.41 7.25 4.99 6.06 19.87 8.11 
240 -63.4 261.4 2.4 -2.3 128.0 20.1 -76.9 654.3 13.21 10.75 7.22 10.26 16.46 11.14 38.09 35.46 
250 -57.3 298.6 -9.2 -9.1 141.2 14.8 -106.1 682.9 9.98 13.27 7.06 13.25 16.26 25.60 26.00 24.99 
260 4.7 227.5 10.3 23.5 135.9 7.9 -82.3 715.0 38.07 11.37 8.77 11.84 14.07 31.56 41.99 29.99 
270 -297.3 234.6 14.4 4.9 132.7 -5.1 -65.3 790.3 23.75 18.32 10.83 19.21 21.79 19.99 72.52 25.36 
280 -79.8 332.6 22.9 36.3 150.8 28.3 28.4 875.0 17.61 7.13 8.09 21.02 4.31 4.82 81.71 21.91 
290 -97.9 315.0 48.7 36.0 146.3 17.7 100.1 842.8 21.59 6.29 9.62 13.27 7.43 10.40 94.68 43.42 
300 -52.1 339.7 61.0 74.4 167.4 40.9 90.1 982.8 27.44 8.16 19.48 26.98 8.10 7.86 100.94 32.99 
  
 
117
Table 14. Dynamic stiffness real and imaginary parts at 4000 rpm 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 29.2 20.0 -28.3 7.4 76.9 5.9 38.8 45.6 2.95 0.68 0.81 0.52 2.32 0.85 2.02 2.27 
30 28.4 32.2 -27.9 12.3 83.0 11.7 40.9 72.4 3.02 1.04 0.91 0.90 2.61 0.96 2.46 2.74 
40 27.7 46.0 -27.7 15.4 80.7 15.5 37.9 93.8 3.66 1.60 0.94 1.12 2.57 0.58 2.58 3.14 
50 24.2 57.0 -25.9 18.6 84.7 18.4 39.0 120.7 3.02 1.62 1.39 1.61 2.24 0.97 2.20 3.88 
60 18.8 75.3 -32.3 21.2 84.3 21.4 42.7 142.4 53.75 46.08 31.55 44.52 7.32 5.31 3.30 7.60 
70 20.4 84.9 -26.8 24.1 79.3 29.1 31.6 157.9 1.95 4.02 1.81 1.85 2.76 1.10 2.34 6.51 
80 23.3 99.0 -21.1 29.2 72.1 43.0 -43.5 225.1 2.85 3.78 2.07 1.56 4.05 2.64 9.89 18.84 
90 22.6 114.3 -25.9 33.5 82.4 38.5 24.9 213.3 2.83 3.86 1.49 2.81 1.83 3.41 1.29 6.59 
100 22.9 127.1 -24.4 39.2 91.5 35.4 25.4 239.2 3.18 3.83 2.03 3.75 1.83 2.47 2.49 8.04 
110 20.4 138.4 -26.3 35.3 84.2 42.6 11.6 240.2 2.21 4.08 2.55 2.29 1.85 1.52 3.20 8.83 
120 29.5 151.5 -20.8 45.8 85.0 51.7 7.3 284.8 8.53 7.75 5.41 8.02 9.32 7.90 11.37 16.68 
130 22.2 175.3 -16.8 46.6 67.6 5.7 3.9 271.6 26.28 35.26 16.08 6.20 58.29 91.71 40.55 12.77 
140 15.6 183.6 -16.5 55.0 113.8 60.4 4.9 352.2 7.14 7.14 13.92 2.75 12.12 15.17 31.23 6.17 
150 50.8 204.9 -3.4 59.7 74.5 13.4 55.1 323.7 18.33 11.16 8.48 8.14 21.27 15.11 5.91 9.50 
160 15.0 200.6 -13.1 49.8 93.5 55.6 18.0 358.5 1.42 7.04 5.71 6.43 1.37 5.23 4.09 12.17 
170 19.7 215.3 -12.9 67.1 105.5 81.5 13.8 413.5 3.65 7.75 3.48 9.29 2.40 3.91 3.20 12.64 
180 3.4 236.6 -15.9 48.1 96.3 79.7 5.1 382.4 88.96 99.03 166.94 180.45 13.30 11.77 7.72 12.59 
190 3.7 221.4 -5.8 69.7 113.1 68.7 47.8 419.4 18.33 18.35 14.80 15.90 31.20 23.14 15.95 14.88 
200 11.3 249.4 -12.3 62.0 88.0 77.9 -1.8 402.9 9.06 19.43 25.32 19.17 25.24 11.29 45.28 25.55 
210 -448.8 796.4 -186.9 221.4 400.0 251.2 92.4 573.2 695.98 735.26 219.58 248.70 534.91 624.59 174.30 197.41 
220 -8.1 301.7 -5.3 100.2 121.2 70.5 21.0 446.4 6.69 8.12 6.83 9.28 6.69 7.70 5.75 10.11 
230 -20.9 283.2 -2.8 85.8 140.1 110.4 19.2 535.9 4.63 8.50 5.93 5.24 6.75 4.36 3.26 14.79 
240 -12.9 247.5 -2.9 80.5 121.2 104.2 9.3 505.7 7.33 6.61 6.64 8.57 11.43 7.86 9.53 20.64 
250 6.4 279.5 -4.99 91.6 147.4 105.4 20.5 564.0 3.82 8.90 6.91 7.04 8.34 5.81 8.30 17.22 
260 15.0 214.9 -0.2 77.2 105.6 126.9 16.6 558.1 8.10 25.55 6.89 11.11 15.86 49.00 11.02 27.17 
270 -165.4 200.4 -35.8 80.3 82.6 73.9 -6.4 515.9 49.92 373.32 66.11 124.76 404.56 503.12 69.67 242.41 
280 -20.6 325.7 -10.4 128.3 155.5 148.8 -22.6 702.4 11.51 9.33 10.43 9.07 5.21 11.64 13.30 19.63 
290 -53.3 317.1 -23.5 106.1 135.8 123.6 3.0 581.7 9.09 12.11 10.78 10.59 4.93 4.52 4.89 13.64 
300 -7.8 336.5 2.0 137.3 151.6 183.2 7.9 830.9 9.56 13.21 11.81 15.68 4.20 10.65 14.37 17.66 
 
 
 
 
  
 
118
Table 15. Dynamic stiffness real and imaginary parts at 4000 rpm 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 70.2 38.1 -41.0 25.8 150.6 23.6 102.7 82.1 3.97 2.18 1.60 1.97 7.22 1.92 5.79 3.04 
30 75.2 61.0 -37.5 43.2 150.1 25.5 107.0 116.5 4.93 2.58 2.83 2.62 6.04 3.67 4.59 5.40 
40 75.0 79.3 -32.0 54.5 152.9 45.0 102.3 167.4 4.58 2.74 2.73 2.88 7.02 1.71 6.15 5.11 
50 76.5 96.4 -23.1 69.4 162.3 32.1 125.1 199.6 4.99 2.72 2.02 4.14 7.86 2.54 8.12 8.46 
60 71.3 125.4 -35.1 79.0 152.0 67.6 99.9 247.1 33.12 33.97 37.42 31.55 13.39 7.86 13.64 11.68 
70 69.4 150.3 -26.3 91.1 162.9 88.5 100.3 290.7 4.20 4.43 2.67 4.10 7.05 3.29 6.90 9.29 
80 78.1 158.5 -11.1 95.6 143.1 89.9 74.4 339.2 5.56 4.93 2.36 4.41 12.05 2.97 10.41 19.13 
90 75.6 182.8 -10.8 116.4 164.2 116.0 83.6 405.5 5.72 6.32 2.39 8.01 8.02 6.98 5.49 16.03 
100 92.4 212.9 -1.1 133.9 193.2 104.3 102.1 423.3 6.47 4.71 4.50 7.65 7.17 6.95 8.13 15.49 
110 82.9 230.1 -6.0 129.9 155.1 96.0 76.9 388.3 6.86 6.05 2.73 8.15 8.97 5.43 9.59 15.54 
120 88.8 233.5 13.1 139.0 171.6 114.9 103.8 484.6 11.10 10.56 9.01 13.81 21.07 12.33 21.02 25.15 
130 91.0 275.4 20.0 164.0 198.0 148.9 107.3 508.7 28.85 24.46 23.29 22.45 79.51 49.87 75.19 42.60 
140 131.6 310.8 43.2 189.2 271.6 165.9 132.2 624.8 12.20 8.81 8.55 10.10 11.47 12.74 10.94 25.25 
150 122.0 316.2 50.1 177.1 296.7 86.6 261.5 529.9 10.21 11.53 7.51 12.36 18.41 10.53 17.56 19.04 
160 60.0 306.5 17.7 163.7 163.0 149.4 83.0 606.7 14.97 19.50 9.53 17.42 9.55 8.41 7.73 18.80 
170 90.0 324.8 34.8 185.6 214.5 175.5 114.2 694.4 10.57 11.77 11.79 12.00 12.03 7.83 16.43 21.01 
180 164.3 539.2 62.9 284.7 259.2 162.2 155.6 666.9 413.69 228.99 696.77 578.88 24.13 11.34 26.33 33.29 
190 111.6 359.7 78.9 195.6 267.2 133.8 245.9 654.8 14.19 9.88 19.22 16.62 13.32 12.88 16.43 25.44 
200 77.1 395.2 47.9 205.2 196.8 179.6 104.7 674.7 57.94 93.18 38.65 44.14 160.01 87.38 76.50 75.84 
210 125.8 438.2 73.1 246.0 338.9 232.1 208.5 836.1 15.39 9.19 14.32 10.96 14.25 10.75 21.94 26.77 
220 113.9 431.0 90.0 237.1 237.9 119.8 133.8 615.4 15.81 9.11 9.72 11.17 11.37 6.08 13.91 15.51 
230 106.6 410.2 98.5 216.7 323.7 204.0 208.1 863.0 18.25 15.94 23.09 24.68 15.25 5.96 16.11 25.64 
240 104.8 465.8 101.2 253.6 305.1 197.7 251.5 823.7 13.06 9.02 17.24 14.32 17.60 10.23 27.80 19.85 
250 97.4 459.8 74.6 258.9 297.8 225.2 164.0 923.9 12.33 13.37 11.90 14.59 19.91 8.75 31.67 32.41 
260 57.1 481.3 76.5 278.6 345.7 265.6 267.6 938.6 39.92 32.79 38.44 29.34 71.90 39.91 64.22 30.74 
270 94.3 445.3 101.8 241.6 307.6 172.1 273.5 777.1 24.79 15.68 17.35 13.89 21.86 19.83 31.84 29.09 
280 137.5 557.2 162.3 327.0 379.0 266.5 323.9 1115.2 14.90 9.84 17.84 10.52 17.48 10.52 30.21 32.38 
290 72.2 591.3 85.8 333.5 308.2 224.1 219.7 893.6 15.64 9.06 13.63 12.06 17.13 7.59 29.41 31.37 
300 97.6 592.1 87.5 374.8 154.3 244.3 -202.0 840.7 29.75 23.00 47.62 35.83 23.73 10.01 52.14 21.73 
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Table 16. Dynamic stiffness real and imaginary parts at4000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 121.8 51.5 -36.7 38.4 230.8 33.7 212.7 115.2 3.72 2.19 1.37 2.52 1.96 1.76 1.82 5.16 
30 120.1 77.4 -33.9 60.5 231.3 39.7 213.6 168.4 2.33 4.49 2.84 4.12 2.21 3.56 1.79 8.90 
40 121.0 103.8 -31.1 84.2 239.1 65.5 212.5 246.1 2.43 3.61 1.46 3.22 2.33 2.58 3.71 10.73 
50 125.2 119.8 -15.5 107.9 252.2 49.4 244.6 290.8 2.15 5.12 2.07 5.55 4.35 1.82 7.12 12.39 
60 120.0 163.7 -23.1 135.8 248.4 95.8 222.6 369.8 57.55 48.77 65.16 57.19 8.81 14.32 13.10 15.78 
70 128.7 197.8 -13.9 158.6 261.4 124.9 227.3 432.3 3.73 7.62 3.30 7.21 3.77 6.71 4.39 19.50 
80 147.7 211.6 17.6 171.9 246.6 91.5 198.8 419.5 4.22 9.78 5.12 8.49 4.14 4.10 5.70 14.67 
90 143.3 238.9 16.5 198.2 272.8 153.2 230.0 583.5 3.68 6.78 6.27 8.37 6.58 5.11 10.31 23.39 
100 168.8 262.1 41.7 218.8 311.2 132.5 265.4 600.0 5.24 9.30 6.32 9.16 7.17 3.30 10.20 22.06 
110 158.4 290.1 36.1 225.0 268.1 127.5 232.2 573.9 4.50 9.50 6.24 12.28 8.82 5.96 11.26 25.27 
120 167.2 296.1 62.4 237.1 288.5 138.5 267.4 673.6 15.38 27.66 19.18 36.47 30.95 34.08 35.53 61.90 
130 185.0 348.1 100.1 271.9 329.3 154.1 315.9 751.9 35.46 36.07 42.64 52.68 111.41 135.35 172.53 162.44 
140 240.0 355.2 141.3 290.0 437.0 195.6 356.7 860.8 11.58 6.50 15.09 9.75 33.14 17.69 48.26 33.11 
150 233.9 372.6 150.2 271.5 462.4 85.4 511.4 725.5 17.16 11.34 20.22 10.26 16.10 9.30 19.33 25.60 
160 165.9 391.7 99.3 291.2 293.8 208.1 250.9 892.7 14.75 11.87 14.73 11.36 15.46 9.04 13.16 34.06 
170 199.7 390.2 138.0 288.9 368.5 198.0 336.8 942.4 8.50 10.32 17.39 12.19 12.38 7.68 20.52 24.72 
180 261.6 701.8 82.4 609.6 407.2 155.6 389.4 854.9 410.76 169.20 570.98 724.13 19.74 15.48 25.85 44.16 
190 225.2 425.5 181.5 291.4 416.7 140.1 464.8 863.0 26.87 24.06 30.21 26.15 36.97 32.72 31.79 64.57 
200 219.2 485.6 184.9 331.2 404.0 181.5 387.6 879.1 13.42 82.63 27.16 41.49 121.68 84.51 85.44 39.45 
210 261.3 482.3 217.2 324.1 528.8 203.6 520.9 1035.2 17.68 11.46 21.45 9.66 24.22 17.53 36.11 19.27 
220 215.0 486.4 190.7 326.5 361.1 93.9 380.8 754.8 24.93 19.68 24.14 14.17 16.11 6.73 22.00 18.28 
230 240.6 472.1 237.9 320.2 504.7 197.2 496.4 1107.0 10.55 18.45 25.84 15.15 20.61 9.09 30.23 41.23 
240 244.4 507.5 246.5 338.6 489.1 183.0 566.5 1051.8 15.83 19.66 23.99 12.92 20.85 8.55 31.78 30.16 
250 233.9 511.2 235.6 350.6 461.5 187.3 478.1 1088.4 11.41 18.89 20.56 15.71 18.64 15.71 38.56 25.64 
260 210.1 525.8 242.9 353.8 525.5 216.7 604.6 1094.9 51.76 47.08 51.72 33.47 87.36 80.36 89.81 76.15 
270 218.2 475.0 237.5 296.2 478.1 132.5 581.8 925.0 52.30 24.57 57.33 19.39 81.02 24.52 91.45 43.36 
280 277.1 573.0 326.6 387.0 542.7 269.5 589.4 1408.7 14.18 12.40 18.47 10.56 15.39 5.67 22.93 51.71 
290 241.3 625.7 281.2 405.2 477.5 180.2 552.3 1066.8 12.88 11.77 17.08 8.28 11.36 4.38 21.99 27.61 
300 235.5 603.4 270.7 394.4 429.1 183.4 496.1 1014.6 15.22 21.00 21.29 13.16 16.89 7.95 42.11 26.58 
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Table 17. Dynamic stiffness real and imaginary parts at 6000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 -2.7 22.4 -49.3 -6.8 104.5 0.4 2.8 51.5 0.66 1.08 2.86 0.83 6.59 2.27 3.30 6.69 
30 -3.5 35.7 -50.1 -11.3 103.4 0.3 5.0 73.4 0.44 1.44 3.22 0.82 7.76 1.86 1.33 7.54 
40 -2.8 49.2 -51.9 -14.3 100.0 3.6 4.9 89.1 0.59 2.09 3.68 0.95 4.81 1.38 2.46 3.16 
50 -2.4 60.4 -52.8 -15.3 103.9 6.4 -2.3 110.0 0.70 2.47 3.88 1.39 5.62 2.62 2.79 4.55 
60 -14.8 71.1 -56.2 -21.7 104.2 7.5 -9.2 129.9 50.42 21.48 27.83 40.95 7.51 5.18 5.28 7.22 
70 -4.0 80.1 -45.1 -15.0 116.5 9.1 -25.9 173.0 1.12 4.04 3.65 1.72 8.81 3.26 5.54 6.18 
80 -10.0 93.0 -42.3 -21.3 117.9 4.2 -19.0 189.1 1.03 3.18 4.44 1.00 12.64 8.78 2.45 8.76 
90 -11.3 104.4 -39.0 -23.6 115.5 8.4 -25.0 209.2 2.68 4.63 3.86 1.83 7.66 3.98 1.75 7.32 
100 -13.8 120.6 -50.9 -23.5 105.9 2.4 -19.5 212.7 3.70 6.62 5.65 2.58 4.39 11.63 7.61 4.37 
110 -16.0 127.8 -34.1 -29.8 105.7 4.8 -28.0 255.3 2.41 5.97 4.02 3.93 2.79 4.65 1.81 8.28 
120 -18.7 138.2 -28.8 -31.5 112.0 4.6 -32.0 284.4 3.81 3.71 3.63 6.69 7.10 9.13 8.87 6.97 
130 -30.1 149.7 -27.0 -34.8 108.5 17.5 -42.8 300.7 4.23 4.12 1.18 6.45 4.25 3.54 2.77 10.96 
140 -37.9 162.9 -23.7 -42.5 114.6 10.7 -47.4 322.3 5.45 7.79 3.10 4.30 7.94 19.99 6.76 10.91 
150 -26.1 198.5 -33.9 -37.1 119.2 26.8 -60.9 341.2 12.54 15.13 9.02 7.90 16.91 11.62 5.27 6.86 
160 -37.5 179.1 -15.6 -31.4 113.6 24.7 -62.3 370.9 6.01 6.94 3.98 7.29 7.81 10.99 6.35 5.10 
170 -44.3 193.3 -20.8 -41.5 119.2 18.8 -64.0 393.2 2.98 8.97 6.10 7.09 8.53 5.92 1.09 12.77 
180 23.1 217.6 144.4 308.9 127.0 35.1 -89.8 430.8 83.78 140.24 141.27 136.71 30.58 13.05 4.65 19.69 
190 -58.5 191.0 -7.2 -36.2 119.1 35.3 -90.4 434.7 17.82 17.59 8.07 12.11 34.17 20.37 4.97 16.23 
200 -70.8 216.8 14.2 -35.3 127.4 46.4 -113.7 437.5 4.72 20.40 10.50 12.60 15.70 34.77 11.11 18.41 
210 449.5 448.4 -111.0 -14.6 36.4 200.2 -107.4 438.1 337.70 118.83 52.35 51.72 171.17 53.83 28.28 14.51 
220 -116.9 265.4 3.1 -33.9 132.5 33.2 -118.8 500.2 10.02 12.98 5.13 3.17 26.31 20.34 6.38 7.64 
230 -112.4 269.0 11.5 -37.2 138.3 43.3 -116.6 539.8 6.36 9.23 3.62 5.91 18.99 10.90 9.26 12.95 
240 -67.3 219.0 5.6 -21.2 127.2 42.5 -112.0 551.3 5.60 17.58 9.99 10.19 9.32 13.27 9.35 12.96 
250 -77.0 254.4 2.2 -41.3 138.3 38.7 -120.0 574.8 3.52 3.84 13.25 4.54 5.21 5.62 3.97 11.95 
260 13.4 168.2 6.0 -8.5 152.2 26.0 -122.8 601.7 12.05 16.33 5.61 5.04 47.55 17.64 15.01 18.67 
270 -423.8 48.3 75.0 -20.6 124.5 28.6 -133.9 640.1 39.63 54.27 3.53 4.62 21.77 79.13 12.01 24.06 
280 -106.4 287.7 16.1 -22.0 156.6 55.0 -113.5 692.3 4.73 13.06 4.33 7.38 14.69 3.26 15.20 14.67 
290 -140.3 256.0 43.2 -11.4 152.4 64.8 -103.5 735.9 6.26 16.79 7.83 6.66 17.34 41.34 30.61 24.25 
300 -96.1 280.8 31.7 0.5 172.8 66.6 -123.0 770.1 14.17 12.88 32.72 27.43 35.23 30.55 14.36 23.52 
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Table 18. Dynamic stiffness real and imaginary parts at 6000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 29.0 18.2 -39.5 2.8 84.0 2.5 33.4 35.1 1.80 0.48 0.32 0.76 6.98 0.38 5.21 2.77 
30 29.1 29.9 -39.5 5.9 93.1 2.0 37.9 61.1 1.63 0.74 0.68 0.61 4.46 2.49 2.15 3.36 
40 29.0 42.4 -40.7 6.5 89.4 11.5 33.9 76.1 2.21 1.43 0.56 1.40 1.96 3.42 2.26 2.53 
50 28.7 50.6 -39.5 10.8 94.9 6.6 37.1 99.0 1.45 0.65 0.99 0.57 6.98 5.14 1.42 5.32 
60 36.6 63.5 -29.3 18.6 87.9 12.1 39.8 111.5 13.44 43.63 40.08 13.17 2.83 3.63 4.62 2.84 
70 24.1 71.0 -35.4 13.0 93.2 21.1 30.2 128.2 2.73 1.96 0.72 1.79 0.97 8.88 2.47 2.23 
80 22.2 82.3 -32.8 10.0 91.0 33.6 -24.6 196.5 2.11 2.57 2.05 2.36 4.39 9.04 13.37 6.46 
90 21.8 96.2 -38.1 14.9 102.0 27.6 25.0 171.6 2.69 2.52 1.38 3.25 2.57 10.69 3.45 2.47 
100 16.8 102.9 -42.3 19.2 108.6 17.5 26.8 180.7 13.26 23.20 13.90 8.35 23.57 28.08 15.56 15.35 
110 16.1 118.2 -38.4 14.9 85.9 19.5 18.8 190.0 0.98 2.47 2.60 1.60 8.99 7.63 2.71 5.03 
120 23.3 135.7 -40.0 25.7 97.0 31.5 8.1 225.9 1.71 1.86 1.93 3.94 10.47 15.64 3.25 7.43 
130 10.8 141.7 -35.9 18.3 89.9 29.1 26.4 222.4 4.85 4.48 1.38 3.34 9.44 33.49 7.75 5.07 
140 5.8 160.2 -38.3 28.7 116.4 44.5 0.9 277.4 6.84 3.20 1.21 3.22 18.10 7.86 3.93 7.00 
150 41.3 175.3 -20.6 35.5 92.3 24.5 44.1 279.4 10.74 4.71 2.38 2.65 25.13 17.69 9.83 2.97 
160 10.6 181.0 -31.5 21.8 88.3 49.3 5.5 282.7 0.76 4.92 2.72 3.06 16.09 17.94 7.13 1.77 
170 12.9 193.2 -31.0 34.4 104.1 51.6 -1.9 332.1 1.82 1.08 2.17 5.17 5.73 6.79 4.89 5.00 
180 -6.2 225.0 -47.2 11.2 89.0 54.5 -5.7 307.3 50.65 23.56 30.45 66.22 23.38 8.69 5.60 10.55 
190 0.5 192.4 -22.8 34.3 118.2 52.2 35.5 339.5 5.01 4.40 5.49 5.38 24.73 23.60 11.44 8.98 
200 13.2 199.9 -3.9 51.1 93.7 105.5 -56.5 291.1 37.81 109.05 12.52 55.77 51.15 201.48 29.79 109.93 
210 758.1 308.1 130.2 174.8 -37.9 -141.6 1.6 348.2 581.77 241.79 146.82 86.00 218.21 342.33 64.83 95.55 
220 -7.3 263.7 -26.6 55.5 112.4 47.7 -1.8 351.0 3.03 6.87 5.42 5.06 12.14 5.74 4.71 6.00 
230 -22.3 254.7 -28.3 43.8 126.5 76.9 -5.4 431.5 2.76 5.68 2.88 6.84 9.99 2.76 5.59 3.78 
240 -5.6 207.0 -18.1 36.7 104.4 64.9 7.2 413.7 3.41 6.14 2.15 3.49 6.83 15.55 5.22 9.80 
250 -0.9 237.7 -26.1 50.4 134.3 82.7 -7.0 469.9 2.47 5.02 2.63 3.44 24.83 6.86 4.95 4.86 
260 44.8 167.2 -11.9 38.1 109.8 96.0 -9.0 457.9 18.96 5.65 3.98 6.07 14.01 6.78 2.28 7.12 
270 -257.1 136.5 -56.3 25.9 139.3 146.2 0.7 465.2 56.09 20.45 5.89 7.45 23.77 39.89 10.74 11.93 
280 -26.9 273.9 -30.3 68.3 134.9 107.0 1.7 580.0 4.70 4.53 2.42 10.72 9.60 14.26 3.98 17.81 
290 -66.9 261.7 -31.6 52.9 102.2 96.4 -50.9 459.0 5.88 5.31 3.44 9.92 8.12 15.58 16.11 11.92 
300 -24.6 264.3 -44.4 60.9 100.7 131.4 -116.1 685.6 62.91 72.24 18.50 13.31 200.30 116.42 28.95 27.87 
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Table 19. Dynamic stiffness real and imaginary parts at 6000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 71.9 25.1 -46.0 13.9 141.9 16.7 91.4 54.5 1.93 0.85 1.18 1.20 16.50 8.29 5.24 7.79 
30 72.3 45.0 -47.4 21.1 156.9 16.7 98.8 91.4 1.03 1.78 0.99 1.31 13.27 8.98 2.57 5.95 
40 76.9 59.4 -47.3 30.4 146.3 37.3 91.5 117.3 2.68 2.10 1.04 2.03 13.66 12.98 3.77 7.23 
50 74.3 70.0 -44.2 37.6 155.3 25.9 101.5 155.1 1.80 2.14 0.95 2.14 18.36 14.14 4.32 9.33 
60 64.5 87.0 -47.0 32.6 149.9 40.6 104.7 177.6 75.54 73.71 62.67 59.44 9.43 14.97 9.48 6.62 
70 71.9 96.3 -39.2 51.9 165.4 46.7 97.9 210.3 2.23 2.55 1.98 2.21 14.11 13.03 5.82 8.92 
80 81.5 118.0 -41.5 62.0 166.1 75.7 88.8 277.2 2.46 3.06 3.00 2.82 12.13 10.14 6.57 7.37 
90 75.5 134.5 -40.1 69.9 179.0 78.9 92.6 282.4 2.69 2.25 2.69 2.73 12.85 16.94 8.06 10.76 
100 67.8 148.7 -50.7 78.6 167.5 30.5 105.6 270.8 11.33 6.40 8.38 7.42 9.28 13.52 8.82 8.92 
110 75.5 158.4 -33.5 85.3 148.4 64.6 89.3 302.6 2.78 4.58 5.03 2.62 4.79 17.56 7.13 12.67 
120 80.7 176.3 -29.4 98.6 180.5 77.3 85.8 357.0 10.00 9.43 13.10 9.59 19.50 27.28 21.61 20.71 
130 81.0 185.3 -19.2 97.5 172.5 93.5 100.1 364.5 6.65 7.37 3.48 5.08 15.55 26.98 9.01 15.18 
140 70.8 206.9 -19.3 108.8 175.4 93.0 78.6 426.1 5.53 8.01 6.04 6.80 23.27 16.95 13.40 15.39 
150 106.3 225.4 0.5 119.3 222.2 22.6 168.7 418.5 23.01 13.28 13.84 12.43 44.99 32.42 23.40 13.72 
160 75.5 237.6 -17.4 116.3 171.7 111.4 85.9 454.3 6.74 5.78 8.23 5.06 22.91 16.02 14.42 11.36 
170 77.3 249.7 -9.9 127.6 196.2 110.1 93.8 510.8 5.06 3.98 6.87 7.25 14.80 18.27 4.01 16.36 
180 62.4 300.8 -40.6 137.0 190.0 121.9 83.8 492.3 93.40 64.16 89.87 146.51 29.18 24.28 13.94 23.22 
190 41.7 271.6 -18.7 128.9 201.0 129.3 136.4 536.9 13.85 8.83 9.34 10.75 30.71 36.33 15.98 21.64 
200 89.8 312.3 22.0 183.9 156.4 96.9 -33.8 470.4 34.30 35.25 28.64 24.64 121.93 77.08 108.16 60.16 
210 855.6 147.7 399.1 166.5 -68.5 282.4 -32.4 662.7 495.45 595.88 261.65 301.39 577.40 601.82 240.35 349.00 
220 95.4 364.5 10.0 190.6 228.4 80.7 108.1 537.1 6.71 9.32 7.51 12.93 25.97 31.71 16.60 13.82 
230 71.7 355.3 2.9 183.8 256.5 171.6 114.7 691.2 10.10 12.50 17.86 17.56 21.10 29.79 11.29 28.26 
240 60.8 291.6 6.0 151.1 231.5 150.0 148.1 639.3 5.80 10.62 6.64 12.82 38.78 20.92 22.78 19.90 
250 86.4 320.8 16.2 172.9 247.6 138.0 134.7 724.8 4.64 8.01 10.07 5.68 26.63 22.41 18.25 13.77 
260 103.2 207.6 31.2 115.1 266.6 156.2 153.1 690.8 15.60 12.76 10.33 10.84 49.09 33.54 28.36 17.86 
270 -334.9 292.5 -187.5 158.8 322.7 143.4 201.5 675.3 36.59 46.39 18.48 24.45 123.11 70.73 63.83 36.77 
280 67.9 377.0 15.9 215.6 269.5 213.5 144.7 901.0 8.63 7.45 8.30 10.27 9.32 16.10 14.18 16.72 
290 10.6 401.9 -17.9 222.8 240.7 195.5 157.7 741.2 15.35 11.70 8.26 8.81 29.35 26.43 14.51 23.39 
300 80.7 398.6 12.2 267.3 148.0 253.7 -187.6 907.2 26.04 63.83 58.99 101.90 57.33 120.18 112.43 202.99 
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Table 20. Dynamic stiffness real and imaginary parts at 6000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 113.0 45.0 -44.3 28.9 228.6 21.7 181.0 69.1 9.15 15.37 7.37 8.14 35.89 15.71 11.61 9.29 
30 101.6 57.7 -41.6 30.5 239.1 6.2 192.4 114.8 8.03 6.83 5.28 7.66 36.90 21.17 3.93 16.72 
40 115.3 81.4 -42.4 47.4 222.4 58.6 169.2 160.5 9.22 8.45 4.23 8.09 10.92 19.69 8.50 6.78 
50 115.0 80.6 -33.8 58.8 256.9 19.2 197.2 215.8 5.76 6.43 3.60 7.99 48.80 15.19 10.85 25.29 
60 123.5 88.0 -33.2 69.3 256.7 61.8 196.2 256.8 41.19 80.95 54.25 67.84 41.72 32.29 16.49 24.04 
70 113.6 125.2 -34.1 83.7 220.9 76.0 183.7 282.3 6.62 12.41 2.77 10.12 14.52 16.30 5.40 15.04 
80 138.8 135.3 -6.9 98.5 175.6 37.8 113.0 280.4 6.60 13.89 5.48 10.16 64.95 60.21 9.50 40.45 
90 121.8 153.1 -21.0 106.9 281.6 76.8 202.3 392.0 4.67 11.13 6.33 9.20 61.79 27.21 27.42 26.41 
100 120.7 162.9 -25.4 120.4 248.7 33.5 201.7 370.7 18.60 18.49 16.82 15.39 17.28 50.71 38.72 26.58 
110 117.2 185.7 -17.8 126.1 229.9 93.7 172.4 410.7 8.04 13.77 8.93 13.63 12.29 46.69 15.71 27.22 
120 126.0 197.9 -3.4 135.8 215.4 104.6 156.2 470.7 15.76 18.32 13.14 16.00 46.62 23.52 30.62 19.08 
130 135.2 231.2 -1.1 150.2 206.8 144.3 175.0 472.9 17.72 17.08 13.93 15.89 83.37 107.03 64.71 39.32 
140 146.4 230.0 22.1 157.3 316.9 205.3 180.8 644.3 13.50 19.15 15.83 11.62 25.46 131.88 24.80 81.57 
150 169.1 260.9 36.0 169.8 279.0 30.6 314.3 540.4 31.13 33.67 23.02 20.14 168.14 46.56 81.99 44.49 
160 116.3 270.0 7.9 158.2 263.5 150.1 183.9 605.6 14.80 18.08 19.36 15.99 81.78 57.40 33.03 50.50 
170 125.6 275.7 19.8 170.9 279.7 180.6 186.8 714.5 8.20 23.20 16.17 10.65 11.65 84.30 15.92 52.47 
180 203.5 386.4 -8.0 286.2 344.4 145.7 226.4 649.9 210.91 153.48 330.78 181.25 90.08 34.31 48.39 32.37 
190 126.1 320.1 33.7 199.4 380.1 89.8 333.2 657.8 11.16 24.29 14.62 24.17 141.22 41.00 78.54 21.84 
200 132.1 353.7 10.4 235.5 234.9 124.1 145.3 543.8 86.82 70.57 228.03 161.10 284.41 317.52 221.88 924.40 
210 147.6 409.6 38.8 267.9 316.9 239.4 278.6 862.6 21.65 26.26 11.76 31.43 162.81 100.48 118.18 56.54 
220 160.8 387.9 68.8 249.0 247.6 192.7 221.8 700.9 16.36 24.78 16.46 18.88 98.18 197.88 72.54 127.69 
230 158.7 371.4 62.8 231.6 335.7 140.8 232.1 873.1 21.93 23.44 27.43 29.52 73.22 62.09 41.03 42.15 
240 136.3 385.7 61.2 243.2 322.0 125.2 303.8 802.9 10.25 20.62 17.08 19.68 22.98 88.35 18.23 61.77 
250 147.0 371.1 69.2 239.6 261.2 243.7 105.4 934.7 13.87 29.13 28.53 32.53 68.31 94.21 41.99 66.31 
260 96.4 349.9 42.9 228.6 357.6 317.2 307.9 981.9 15.93 15.95 18.00 15.29 98.90 148.96 69.61 98.16 
270 21.6 314.6 4.0 210.1 478.0 40.6 428.5 764.5 14.17 29.01 10.71 24.97 177.18 222.47 99.65 143.99 
280 164.6 442.2 96.7 296.3 364.8 317.2 223.5 1258.8 17.06 24.24 23.99 24.04 34.23 58.18 23.22 63.97 
290 121.4 498.0 72.8 331.4 325.2 196.4 316.7 925.4 13.25 26.39 31.90 18.60 77.60 30.97 47.46 41.89 
300 140.5 450.4 101.1 299.9 281.7 173.3 218.6 693.9 39.48 49.85 109.34 40.70 67.56 109.63 77.50 155.73 
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Table 21. Dynamic stiffness real and imaginary parts at 6000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 162.0 30.9 -13.9 25.8 350.9 -20.8 329.6 95.1 12.76 6.72 3.89 7.10 35.19 45.44 10.11 8.77 
30 150.4 61.9 -21.8 28.1 380.4 -10.6 331.9 149.5 11.05 11.88 6.76 6.28 40.85 27.08 12.84 9.55 
40 168.1 78.1 -23.9 58.3 394.2 43.6 310.7 236.4 13.81 16.20 8.71 9.81 57.63 48.14 17.46 22.40 
50 158.0 88.9 -16.6 69.6 402.1 9.2 344.1 292.5 9.52 7.74 3.67 7.91 64.09 25.90 17.50 27.53 
60 167.2 102.5 -12.7 75.3 380.8 40.0 359.2 338.5 90.67 77.17 89.80 59.25 45.80 39.72 24.62 21.10 
70 158.5 128.9 -16.1 98.7 246.3 116.7 296.1 348.3 11.50 15.46 8.97 16.63 54.67 40.44 22.29 24.40 
80 183.9 149.3 9.2 125.4 274.3 -30.5 307.9 340.2 11.00 11.68 5.70 13.07 37.35 84.48 36.20 32.84 
90 166.2 173.5 -7.2 133.7 382.7 2.3 384.9 480.6 15.92 12.41 11.56 19.31 25.02 65.56 32.66 25.79 
100 166.5 191.5 -15.7 159.7 298.9 11.6 331.0 453.6 24.81 22.93 18.91 33.60 38.87 71.16 72.54 43.57 
110 166.9 203.6 5.8 158.8 315.1 67.6 328.3 521.2 13.38 14.15 13.33 15.06 27.22 37.70 11.40 26.55 
120 178.9 219.2 21.4 176.8 277.7 174.7 276.5 642.4 21.51 16.88 22.04 29.16 75.22 66.31 55.19 48.79 
130 188.9 251.8 33.4 190.6 236.5 105.0 307.5 576.9 14.82 20.32 19.76 25.21 140.24 66.18 71.43 51.29 
140 208.6 249.8 62.4 207.8 529.4 108.0 452.6 780.1 20.61 29.83 12.90 28.12 117.30 48.72 90.84 38.14 
150 230.2 294.2 87.1 225.6 245.9 -106.9 429.7 567.9 34.51 41.69 30.46 36.41 238.75 117.41 126.67 111.15 
160 176.6 303.3 38.3 218.2 253.6 243.2 259.5 860.3 16.66 20.71 14.41 25.44 123.69 98.98 88.77 54.29 
170 195.3 303.7 67.1 227.7 464.8 191.1 424.0 911.3 19.01 19.57 20.56 23.02 86.85 67.93 60.13 57.11 
180 254.6 446.0 43.2 383.9 533.4 257.0 449.9 912.1 90.70 164.18 203.38 284.16 107.20 125.28 60.13 103.19 
190 200.2 340.3 89.5 245.8 445.7 7.2 528.6 775.1 24.61 19.97 32.25 19.63 103.93 84.29 74.58 59.39 
200 203.2 374.2 105.5 264.7 294.3 241.0 290.2 973.2 58.20 36.72 67.72 37.04 143.84 292.28 175.11 300.63 
210 218.4 406.9 108.3 288.4 343.0 -19.6 339.8 799.3 24.72 13.37 18.67 17.29 157.93 226.39 167.11 168.18 
220 231.2 415.9 130.1 300.9 345.4 407.6 398.8 1022.5 14.50 27.34 20.22 21.64 100.05 265.60 73.81 190.87 
230 234.5 408.6 131.8 313.0 602.2 30.8 561.9 1043.8 17.65 27.28 26.71 42.56 148.48 85.09 124.24 68.52 
240 224.7 401.2 142.8 292.1 416.2 95.4 509.7 994.5 18.98 17.49 27.76 14.92 66.58 97.30 57.91 89.32 
250 223.8 393.6 142.4 292.6 313.9 303.7 392.1 1154.2 22.84 19.38 34.51 19.99 109.17 102.06 77.56 82.73 
260 166.5 375.5 116.3 278.8 493.1 179.5 578.1 1099.0 26.05 20.36 26.20 18.34 93.37 203.31 79.83 144.51 
270 67.9 341.2 49.3 253.5 773.5 -230.6 782.8 714.9 28.24 25.02 30.93 21.73 158.47 261.03 96.89 209.28 
280 226.2 466.0 152.9 340.5 358.7 319.7 129.3 1418.2 17.40 27.73 23.21 23.56 52.50 39.67 39.10 31.02 
290 214.0 532.9 171.3 384.3 414.9 256.4 577.0 1143.0 21.55 43.04 24.36 35.74 107.36 96.87 104.04 76.63 
300 213.2 472.2 178.1 326.3 445.7 260.4 598.4 964.0 43.12 33.39 33.93 23.51 42.97 115.16 45.41 66.88 
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Table 22. Dynamic stiffness real and imaginary parts at 8000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20.0 1.5 17.2 -61.4 -7.2 114.9 -1.1 7.2 42.9 0.76 0.64 1.10 0.71 1.02 0.82 0.96 1.24 
30.0 -0.9 29.9 -60.8 -12.6 113.3 -0.3 9.5 64.9 0.84 0.89 0.67 0.58 0.92 0.76 0.79 1.19 
40.0 -2.5 43.7 -62.3 -18.2 110.7 1.4 12.0 82.1 0.87 1.10 0.78 0.94 0.74 0.55 0.89 1.55 
50.0 -3.2 57.4 -65.6 -22.5 109.1 5.6 9.4 97.0 0.85 1.14 0.95 1.00 1.14 1.03 1.33 1.55 
60.0 -5.9 77.2 -75.5 -36.2 110.6 10.7 5.9 116.3 46.59 51.77 55.44 54.42 4.96 6.43 7.12 6.70 
70.0 0.0 78.8 -67.9 -19.3 113.4 15.6 -8.3 133.2 1.75 1.91 1.37 2.23 1.06 1.26 1.92 3.47 
80.0 -4.2 87.9 -63.8 -20.5 119.8 16.8 -16.7 157.6 2.05 1.85 3.17 1.50 2.95 2.28 2.36 5.87 
90.0 -6.3 99.0 -58.4 -19.6 124.7 16.4 -24.3 182.3 3.37 2.40 2.29 3.79 3.26 4.33 5.38 5.56 
100.0 -11.4 111.0 -53.1 -24.3 124.1 12.5 -27.4 205.9 2.52 2.16 3.09 2.48 2.55 3.36 3.24 7.12 
110.0 -11.4 122.5 -49.7 -26.3 122.3 14.9 -33.6 226.2 1.97 2.65 2.54 3.45 2.54 2.74 4.34 7.00 
120.0 -14.5 135.6 -47.2 -31.6 121.2 16.4 -38.4 247.4 2.54 3.30 6.00 3.56 6.37 9.27 11.93 9.70 
130.0 7.3 63.9 -24.2 8.3 189.8 124.0 -121.1 241.1 184.69 136.02 114.27 127.05 318.61 168.13 97.86 251.41 
140.0 -27.2 160.1 -47.7 -38.2 121.1 17.0 -43.3 275.7 2.38 2.63 9.64 4.12 5.77 4.91 5.94 21.71 
150.0 -26.0 201.9 -52.5 -47.3 127.5 9.3 -49.2 307.5 16.55 10.19 4.91 6.60 9.42 24.68 10.24 11.15 
160.0 -31.2 174.9 -33.6 -39.8 125.1 24.4 -60.4 330.1 3.23 3.46 3.27 4.38 3.64 3.73 4.04 10.50 
170.0 -35.3 187.4 -31.4 -43.6 125.9 25.0 -65.1 349.2 1.94 3.55 3.14 4.00 2.12 1.12 4.33 9.14 
180.0 -73.6 213.2 -48.5 -75.1 121.0 29.7 -76.1 361.9 62.21 51.12 78.93 83.65 15.35 14.14 23.65 23.03 
190.0 -57.8 187.4 -20.6 -41.4 132.9 35.6 -85.4 388.4 4.85 6.66 4.40 4.42 4.99 5.54 3.70 10.18 
200.0 -60.3 208.2 -15.6 -47.2 131.4 33.5 -87.4 409.7 3.68 2.64 5.59 5.29 4.97 3.96 8.11 14.54 
210.0 -325.0 1042.0 -119.1 -242.5 147.2 46.2 -103.8 428.9 1434.04 1037.45 435.04 117.33 134.12 143.84 33.84 36.09 
220.0 -101.5 241.4 -11.2 -47.6 136.3 41.6 -107.3 446.2 4.15 5.92 5.46 4.17 4.90 6.17 5.45 11.34 
230.0 -105.6 249.5 -6.3 -48.9 136.6 50.3 -123.4 465.8 3.98 6.01 5.20 4.81 4.70 3.22 7.62 7.55 
240.0 -71.9 206.8 -1.4 -34.0 143.7 52.3 -121.6 498.4 4.98 7.43 4.58 5.88 9.02 9.30 10.84 17.02 
250.0 -69.6 241.3 -5.9 -38.1 145.5 52.9 -125.8 518.0 5.82 4.97 8.59 6.17 7.04 5.29 18.19 9.98 
260.0 -32.4 192.1 -1.3 -5.0 200.9 -14.9 -128.2 512.4 44.16 43.92 30.72 25.53 181.87 120.55 87.20 93.20 
270.0 -339.5 83.6 40.6 -29.8 206.8 87.8 -152.5 584.0 74.66 136.61 16.60 18.80 189.81 106.98 30.87 28.87 
280.0 -103.2 273.9 1.7 -29.8 157.4 73.3 -140.7 622.7 5.46 7.18 5.85 6.31 5.72 6.23 9.81 17.60 
290.0 -124.3 259.3 16.9 -12.9 159.7 93.1 -165.7 669.9 7.30 5.60 7.80 5.97 6.95 3.98 11.78 15.58 
300.0 -96.8 277.2 12.1 -11.5 178.5 91.5 -159.1 717.2 9.18 7.53 8.31 8.15 8.28 4.42 9.00 17.25 
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Table 23. Dynamic stiffness real and imaginary parts at 8000 rpm and 345 kPa (MN/m)  
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 28.5 14.2 -50.6 1.5 89.5 -8.5 39.6 28.1 1.44 1.50 1.65 1.27 2.88 1.79 2.41 1.78 
30 26.7 28.8 -50.9 2.0 86.6 0.4 42.9 45.7 0.54 1.85 1.32 0.64 1.57 2.10 1.41 1.34 
40 31.7 41.5 -53.9 4.2 90.6 10.0 37.7 63.0 0.78 1.35 1.65 0.69 2.51 2.53 3.69 2.49 
50 33.7 49.9 -54.0 7.2 99.9 14.9 35.3 83.7 1.25 1.22 2.13 1.28 1.43 1.09 1.57 1.68 
60 33.2 71.8 -64.5 9.7 101.7 3.4 50.0 98.2 40.36 44.12 43.08 49.76 5.29 4.80 5.07 4.53 
70 28.9 60.7 -47.1 9.2 95.8 6.8 44.2 105.8 2.24 2.91 1.86 2.28 4.64 3.41 3.32 3.90 
80 35.1 76.6 -54.3 16.0 88.9 35.7 -4.7 117.6 4.80 3.88 4.37 5.49 8.36 4.21 3.43 9.03 
90 30.0 77.6 -46.7 17.9 110.0 24.1 27.5 145.7 1.80 1.11 3.53 1.92 1.75 2.08 2.11 3.27 
100 23.6 89.2 -45.9 16.9 107.5 18.6 27.8 156.8 1.31 1.92 2.63 2.14 3.74 2.15 2.21 4.39 
110 20.6 99.8 -43.9 18.4 107.1 19.3 23.9 167.4 1.68 2.34 2.68 1.60 1.79 2.30 2.74 4.21 
120 17.6 113.6 -44.2 18.1 109.3 23.7 12.1 190.1 3.21 4.38 3.32 3.79 4.08 5.91 6.87 6.09 
130 8.3 71.3 -23.0 16.2 137.5 -2.9 33.8 194.7 20.59 45.96 25.75 12.36 35.90 15.89 11.32 18.03 
140 7.6 141.1 -51.5 20.5 114.5 23.5 9.9 218.7 3.32 5.67 14.98 4.45 5.31 4.62 4.12 19.88 
150 25.8 172.7 -37.9 35.6 109.7 -13.1 42.0 237.2 14.42 13.67 11.87 3.89 11.79 18.99 7.05 10.75 
160 3.3 159.7 -28.1 19.4 90.5 14.5 -18.3 221.9 4.06 3.89 2.49 4.93 3.50 4.34 3.96 4.40 
170 5.6 169.9 -31.1 25.7 112.1 30.9 2.9 291.3 3.28 2.99 6.82 3.71 3.19 2.01 6.07 11.55 
180 -17.1 196.0 -24.6 -6.5 97.9 28.7 2.2 263.9 41.61 53.97 41.61 40.28 12.98 13.30 7.24 8.67 
190 -11.8 178.8 -22.1 16.3 111.6 19.4 37.5 287.5 4.49 4.14 3.22 4.27 6.64 5.79 4.62 6.31 
200 -6.2 205.4 -24.7 10.1 99.3 31.7 2.7 283.5 4.37 6.40 4.12 5.83 2.41 3.10 3.47 6.24 
210 -475.5 437.3 -105.6 1.3 302.3 71.3 41.3 370.7 442.14 424.40 72.30 68.83 123.80 162.90 24.78 26.35 
220 -37.0 260.8 -25.4 21.4 112.4 28.8 2.0 306.0 9.20 8.57 4.69 6.83 5.19 4.56 3.09 5.63 
230 -32.5 253.9 -24.5 10.6 124.7 55.2 0.2 375.4 6.31 5.74 4.98 3.32 4.93 4.24 5.80 10.13 
240 -20.3 207.8 -19.6 10.6 117.2 45.0 9.3 357.8 7.96 5.86 3.20 4.31 4.77 6.45 4.85 9.92 
250 -1.0 242.5 -25.8 17.9 135.3 57.1 -3.3 411.7 7.88 5.47 3.16 5.50 5.09 5.03 8.08 9.50 
260 13.6 197.9 -14.2 23.8 183.5 -21.2 -11.3 360.7 17.78 33.80 9.28 12.58 94.66 93.37 37.29 37.68 
270 -223.3 181.3 -45.4 22.3 170.3 4.9 -43.8 328.2 78.60 57.47 58.48 25.97 113.39 80.58 30.63 116.58 
280 -13.8 267.9 -38.7 23.3 133.4 71.4 1.6 479.7 7.36 3.15 6.52 8.00 8.33 4.98 11.92 15.38 
290 -36.7 270.5 -30.1 13.9 119.6 46.0 -45.5 404.9 11.26 4.89 9.06 8.41 3.63 5.16 8.81 7.24 
300 3.0 277.1 -36.1 36.1 99.0 56.5 -88.7 447.8 10.79 6.27 5.59 10.46 3.89 5.11 7.14 6.84 
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Table 24. Dynamic stiffness real and imaginary parts at 8000 rpm and 690 kPa (MN/m)  
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 67.1 22.0 -56.2 7.4 131.5 14.8 93.6 36.9 1.50 1.63 0.91 1.70 7.52 4.66 2.97 2.89 
30 61.9 40.1 -60.4 8.2 136.1 33.1 87.7 59.2 0.97 1.51 0.72 1.12 2.62 5.16 2.81 2.95 
40 76.3 56.0 -63.3 22.5 158.7 32.5 91.9 102.6 2.03 1.81 1.82 1.89 7.65 4.22 3.74 4.85 
50 79.2 62.0 -58.5 27.7 176.7 38.8 89.9 129.3 1.52 2.22 2.34 1.54 3.98 5.81 3.09 3.66 
60 75.3 78.0 -75.4 36.9 172.2 21.4 105.4 143.7 93.91 88.53 46.63 73.69 12.17 8.48 6.43 7.08 
70 75.6 74.5 -51.3 38.6 169.7 27.4 94.6 169.7 3.55 2.84 3.35 2.37 7.41 4.97 4.73 5.46 
80 73.1 92.7 -52.2 40.1 152.7 33.2 64.5 189.1 4.61 5.44 3.32 2.48 10.64 5.53 4.13 12.48 
90 76.0 102.2 -52.7 48.3 173.6 54.8 91.3 225.4 5.96 2.70 1.90 4.48 4.57 11.21 8.28 5.38 
100 71.0 108.8 -47.7 54.3 181.9 40.2 91.5 248.8 4.05 1.95 2.77 3.73 5.71 3.87 4.13 3.56 
110 67.5 119.6 -43.7 59.4 172.6 41.7 90.9 258.0 3.38 3.30 2.84 4.45 4.34 3.11 3.54 5.31 
120 75.2 137.6 -39.9 70.3 171.2 52.2 75.9 287.0 9.09 6.62 11.09 10.01 19.97 13.14 14.18 28.55 
130 39.7 95.0 -29.0 49.1 160.8 -10.1 101.7 251.6 31.46 42.03 22.71 29.58 28.34 49.10 28.94 25.73 
140 53.8 172.4 -52.9 71.1 179.3 59.6 74.3 333.2 9.23 6.31 21.93 6.56 8.14 19.90 14.54 24.97 
150 78.7 165.5 -25.2 76.2 193.8 20.6 129.4 348.5 9.82 14.10 10.47 7.01 20.89 11.63 6.29 14.03 
160 64.1 186.2 -17.8 72.6 129.0 69.7 -36.1 344.8 4.21 5.44 6.20 4.39 6.64 9.40 14.54 25.92 
170 58.8 205.5 -32.4 81.9 189.7 75.2 82.9 416.4 5.40 2.63 5.83 7.43 4.33 6.56 8.66 9.39 
180 43.4 230.6 -37.3 66.7 177.4 76.4 76.7 403.8 84.45 74.04 99.37 97.88 22.63 21.34 25.81 23.39 
190 35.2 226.1 -28.7 84.8 197.0 72.3 119.8 428.8 6.20 7.55 7.92 6.90 12.87 9.05 8.04 5.57 
200 48.7 254.2 -31.8 91.8 184.8 74.9 84.2 428.2 7.09 4.69 5.64 8.71 3.29 7.72 10.51 7.24 
210 -714.0 584.1 -327.4 97.9 459.5 207.4 178.3 570.3 1049.35 1293.27 262.96 581.59 203.98 253.25 89.16 82.61 
220 53.9 321.6 -23.0 123.1 207.3 64.0 96.4 448.6 14.89 5.03 8.11 4.68 5.21 9.01 6.13 6.15 
230 44.3 304.5 -22.5 109.3 211.6 110.2 61.4 559.9 9.09 11.83 9.69 11.59 7.61 8.17 4.71 14.10 
240 31.0 261.0 -23.7 90.3 199.2 92.0 100.9 529.1 6.42 9.34 11.45 8.89 6.11 16.03 10.22 9.21 
250 68.8 287.6 -10.8 108.8 205.0 115.4 54.8 608.4 5.39 3.48 7.28 10.73 10.83 7.65 16.72 17.36 
260 65.3 219.0 8.5 98.6 244.7 -12.9 41.2 498.9 32.99 27.09 15.65 26.51 120.20 211.04 112.56 130.77 
270 -182.4 192.4 -95.9 94.5 393.0 131.8 64.5 584.2 144.22 169.09 139.09 37.32 380.64 396.37 95.60 358.36 
280 56.9 335.1 -30.0 136.6 210.7 154.3 85.7 744.9 6.43 7.80 10.20 11.24 11.05 15.99 16.26 23.17 
290 37.0 346.5 -38.3 141.1 210.7 118.7 122.3 612.7 12.06 6.35 9.16 11.38 5.39 9.35 6.61 6.96 
300 78.7 335.1 -14.8 156.8 194.4 101.2 98.6 571.5 5.95 4.41 8.24 10.06 4.94 6.37 6.17 9.31 
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Table 25. Dynamic stiffness real and imaginary parts at 8000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 100.2 28.2 -53.9 11.7 178.2 -6.3 165.6 39.5 8.33 3.50 1.32 1.45 19.15 11.54 7.39 7.24 
30 103.5 52.4 -57.6 17.8 182.8 35.1 156.7 67.2 9.63 5.80 1.80 1.71 19.18 13.37 4.33 6.87 
40 119.3 63.6 -57.4 32.4 216.5 48.5 149.3 131.3 12.25 5.31 2.12 1.41 25.28 11.64 7.17 3.76 
50 120.4 68.8 -52.1 40.1 261.7 49.6 160.5 177.3 10.72 7.23 2.55 1.83 24.73 11.03 4.09 4.97 
60 136.6 70.6 -33.3 44.3 245.9 44.1 176.5 193.8 88.97 112.25 86.91 58.00 30.67 14.10 11.44 18.47 
70 103.8 79.2 -42.0 47.0 227.1 22.7 178.4 208.6 9.63 5.95 3.10 2.12 22.25 6.55 5.87 6.28 
80 120.7 112.2 -45.5 65.6 234.7 60.6 141.8 248.7 9.74 8.38 3.60 4.50 22.77 8.20 7.94 6.14 
90 119.4 116.5 -43.6 73.7 249.7 67.1 155.1 293.6 9.13 10.36 4.06 3.21 21.05 9.77 9.08 5.02 
100 114.0 130.0 -39.1 79.7 249.9 56.7 160.5 323.1 14.79 13.97 4.95 4.70 26.07 12.79 7.55 5.18 
110 109.3 136.3 -31.1 81.3 235.4 56.9 161.3 336.1 12.04 7.81 4.81 6.26 27.01 6.73 6.83 7.25 
120 94.5 176.2 -62.2 76.7 229.1 121.8 104.1 390.5 224.99 245.81 332.81 63.43 87.76 440.46 410.48 205.18 
130 62.7 101.2 -22.6 60.1 242.8 -52.3 199.5 332.0 47.45 43.52 28.01 30.84 43.94 66.81 58.43 37.14 
140 95.5 205.4 -44.6 100.6 257.8 81.1 149.3 449.2 14.99 20.73 24.17 17.08 14.97 12.19 24.51 36.05 
150 133.9 214.2 -12.9 116.6 257.5 18.6 235.8 431.0 26.94 20.74 14.02 12.64 36.93 19.38 14.83 12.18 
160 133.4 211.6 -2.8 107.6 199.2 104.8 51.7 466.8 12.86 19.17 7.32 11.39 28.88 17.48 27.34 20.00 
170 129.4 225.4 -4.1 123.8 285.9 100.9 186.6 534.4 10.78 22.80 13.53 9.52 23.73 6.38 11.63 15.33 
180 116.6 243.7 -11.2 114.3 272.7 85.4 172.7 505.0 104.09 84.48 107.91 86.12 41.04 14.72 27.62 17.27 
190 78.3 257.1 -14.7 122.1 281.9 79.5 216.8 543.6 14.67 27.84 10.43 8.18 26.39 11.22 6.37 14.03 
200 110.9 275.1 -0.6 132.7 268.5 87.0 172.6 536.5 15.10 15.65 16.06 9.89 28.01 7.44 15.20 9.23 
210 14.3 889.5 -117.6 396.9 417.3 178.9 261.4 666.7 396.39 423.25 163.03 239.17 142.66 139.69 80.72 59.43 
220 112.5 348.7 3.8 171.6 300.0 71.7 199.0 559.6 13.30 21.28 9.15 11.27 19.67 9.51 11.48 10.33 
230 99.3 339.5 0.3 159.2 313.0 139.8 167.9 726.4 13.83 21.80 12.56 10.11 26.37 9.74 11.20 19.53 
240 107.5 292.9 25.4 152.0 303.8 74.3 251.1 641.0 118.13 47.87 116.58 54.67 93.94 84.76 115.88 60.66 
250 111.9 309.3 10.2 143.7 255.5 118.6 130.1 681.2 13.23 13.52 13.00 26.88 13.13 23.14 29.87 17.12 
260 97.4 249.3 19.7 131.3 178.9 -95.3 17.1 653.3 36.28 49.41 25.75 32.07 215.81 279.17 203.26 148.63 
270 -212.5 272.5 -160.4 150.7 396.7 -101.2 194.5 597.2 85.89 92.45 37.71 51.09 231.07 364.42 162.65 175.54 
280 112.5 371.5 6.8 187.5 279.3 220.7 64.5 981.6 11.44 31.28 11.76 11.33 23.82 25.89 28.82 28.13 
290 97.0 401.6 -5.5 212.4 303.0 134.7 241.7 738.0 8.42 28.08 4.52 8.29 26.91 22.49 14.45 18.27 
300 137.0 379.1 23.6 215.6 274.7 109.1 185.5 661.3 9.17 31.85 10.83 7.28 23.72 11.80 14.26 12.90 
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Table 26. Dynamic stiffness real and imaginary parts at 8000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 151.9 32.7 -32.5 17.5 274.3 21.5 292.1 62.5 2.67 2.95 2.20 1.84 12.46 4.70 5.97 2.77 
30 150.1 46.6 -30.1 20.6 295.8 25.0 288.5 101.3 1.31 2.24 3.31 2.10 13.01 18.01 8.50 7.46 
40 157.3 53.2 -34.3 35.8 301.5 47.6 277.6 158.8 2.88 3.44 4.25 2.36 15.94 11.78 6.50 7.97 
50 150.5 63.9 -26.4 40.9 325.6 15.3 298.5 193.1 4.35 4.67 3.44 3.01 11.93 10.74 7.06 6.96 
60 152.4 79.1 -33.7 47.6 313.3 41.1 290.1 242.7 87.05 59.65 61.77 62.10 22.25 9.54 11.77 9.53 
70 150.0 104.0 -30.2 64.2 308.7 61.7 278.5 284.1 2.58 2.61 3.65 2.14 9.97 9.70 6.89 9.36 
80 166.5 102.1 -15.8 75.1 316.0 44.7 281.4 331.9 3.80 4.13 3.09 2.48 14.04 5.54 6.39 5.66 
90 160.8 117.8 -20.5 89.2 330.3 72.9 277.8 405.8 1.76 5.49 7.12 5.67 12.03 20.52 17.08 7.48 
100 162.2 123.2 -13.0 94.8 328.5 54.9 286.1 422.7 3.87 3.58 5.17 5.69 11.24 9.05 14.75 14.65 
110 145.7 139.1 -13.5 90.6 295.5 49.7 275.8 408.4 4.11 7.32 11.84 8.04 8.48 7.10 10.87 10.82 
120 149.9 139.6 0.5 99.6 316.6 48.8 292.5 485.5 9.20 8.28 13.33 8.14 23.94 20.04 30.24 21.42 
130 171.2 204.0 -30.7 145.8 307.4 60.1 259.9 462.4 7.59 10.66 14.13 13.74 11.75 14.80 24.41 8.91 
140 171.9 170.8 13.1 126.7 378.8 91.6 283.2 590.0 9.06 12.68 20.85 14.18 20.24 24.64 27.11 26.66 
150 211.3 196.4 40.5 134.5 444.1 -9.8 440.4 557.7 15.81 17.99 22.96 14.61 16.02 24.62 16.70 12.19 
160 147.4 225.9 14.6 136.0 251.7 55.3 184.1 452.7 10.75 8.02 13.15 13.39 19.22 17.17 7.91 18.25 
170 145.3 215.4 9.3 138.5 349.7 66.5 310.6 673.8 7.69 7.78 12.75 14.10 3.59 18.09 9.61 15.86 
180 112.2 301.5 -28.8 137.8 370.3 64.1 317.6 641.7 334.26 303.50 455.27 462.13 20.29 11.44 27.95 19.04 
190 165.1 255.1 35.2 157.8 391.0 43.7 400.6 658.1 7.24 7.13 14.88 15.67 26.42 8.99 16.83 13.53 
200 156.4 282.6 26.9 165.8 341.2 73.7 297.0 666.0 6.74 12.34 18.19 14.29 14.18 16.69 10.68 11.51 
210 174.3 295.7 43.3 172.3 432.3 110.4 376.0 781.0 16.96 11.78 23.01 21.02 20.89 8.67 13.89 16.51 
220 170.2 336.5 46.4 195.7 358.1 39.7 324.2 635.7 17.71 13.28 14.16 20.75 45.71 39.08 34.34 23.07 
230 168.4 300.5 51.7 166.4 457.3 116.9 331.4 953.9 5.96 11.68 14.45 20.85 28.91 13.91 11.39 24.39 
240 168.3 337.0 50.4 190.2 417.8 78.5 433.1 852.2 6.95 9.19 11.78 11.15 13.63 21.56 13.89 28.53 
250 165.1 325.5 47.1 199.3 400.9 75.2 391.4 893.4 11.08 8.80 15.31 25.53 15.06 32.90 11.58 23.71 
260 115.4 330.7 28.6 200.5 385.4 92.4 402.7 897.7 18.77 10.19 13.55 25.64 76.09 49.95 82.33 53.44 
270 132.1 299.6 54.4 188.3 350.8 0.6 380.4 812.6 15.52 19.17 12.89 22.97 73.50 62.59 138.61 67.78 
280 180.8 369.7 61.4 194.9 264.2 159.2 -9.7 924.5 6.43 5.73 15.20 13.27 9.44 26.31 17.25 33.43 
290 175.1 425.1 55.9 268.9 386.5 108.8 444.3 894.5 6.32 8.68 16.74 12.98 18.69 14.25 14.37 12.32 
300 170.9 383.7 67.9 245.6 360.6 59.8 423.2 782.6 9.95 12.18 14.57 12.59 20.72 22.23 12.31 24.18 
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Table 27. Dynamic stiffness real and imaginary parts at 10000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 2.8 13.0 -78.2 -9.5 125.0 0.1 14.3 34.9 0.91 0.75 2.95 0.89 2.29 1.17 2.28 2.28 
30 -0.6 26.2 -77.5 -15.1 124.6 0.3 15.9 56.7 0.64 0.45 3.11 0.64 2.41 1.09 2.15 2.24 
40 -2.3 39.6 -79.0 -20.5 121.4 1.5 17.1 74.4 1.48 1.03 3.06 1.56 2.52 1.19 1.14 2.76 
50 -4.3 52.9 -81.0 -27.4 119.6 3.9 18.4 89.6 0.92 1.00 3.15 0.86 2.56 1.27 2.02 3.41 
60 -6.7 62.5 -79.9 -35.5 117.7 7.9 18.2 102.7 21.73 37.42 44.11 27.64 3.47 5.61 7.02 5.00 
70 0.2 77.5 -88.1 -28.9 118.7 17.9 1.1 122.9 1.31 0.84 2.11 1.06 2.67 2.43 2.86 4.52 
80 -0.1 88.0 -89.9 -31.4 125.6 20.4 2.0 137.8 1.62 1.80 3.26 2.05 2.56 2.20 4.36 2.06 
90 -2.0 95.7 -89.0 -24.4 125.4 24.3 -12.6 147.3 2.89 2.95 5.23 2.68 2.84 3.68 3.47 4.77 
100 -5.5 102.4 -81.6 -23.4 131.2 25.0 -25.1 169.9 3.30 2.45 5.22 3.23 3.11 4.81 3.82 5.95 
110 -6.3 111.0 -74.9 -20.6 134.6 25.4 -34.7 194.0 3.54 3.14 4.42 3.24 3.29 5.43 4.33 5.87 
120 -12.6 120.4 -66.7 -26.1 132.7 28.0 -46.8 217.3 4.48 3.38 6.63 4.52 6.83 9.58 8.27 9.52 
130 -22.6 125.4 -60.8 -27.7 137.1 28.2 -50.7 237.6 7.40 6.55 4.25 4.91 9.77 7.89 5.87 7.72 
140 -30.7 144.6 -58.2 -39.5 136.2 26.9 -53.1 257.5 5.20 5.30 4.15 5.15 5.63 7.94 7.50 5.12 
150 -27.3 185.4 -74.3 -44.2 143.8 30.8 -62.5 276.6 12.92 12.80 7.45 6.82 14.62 16.04 6.16 8.35 
160 -32.4 163.1 -64.3 -37.6 130.7 29.5 -59.4 270.1 5.54 10.80 25.10 8.75 23.00 5.74 12.42 51.14 
170 -33.4 190.4 -86.8 -39.3 110.4 22.6 -47.9 245.0 2.20 10.10 25.81 4.33 17.71 6.82 10.67 46.82 
180 -61.2 213.5 -66.4 -69.3 133.4 39.0 -79.2 325.1 36.01 37.05 42.28 20.92 12.75 13.18 16.40 14.63 
190 -47.1 177.4 -38.0 -41.7 137.7 41.8 -84.1 348.5 6.09 4.56 3.18 3.72 5.36 2.55 3.54 6.11 
200 -55.9 198.0 -31.4 -52.3 143.0 43.6 -97.5 377.6 4.70 4.43 3.33 5.49 3.98 3.92 7.15 5.93 
210 -258.7 609.4 -113.9 -176.1 106.3 18.5 -84.1 382.0 118.39 121.27 43.33 29.65 34.82 59.45 18.59 10.15 
220 -94.1 232.9 -33.0 -51.6 137.7 50.1 -115.7 398.4 3.86 5.44 4.42 2.94 7.63 6.21 7.86 7.46 
230 -97.4 237.5 -17.8 -57.7 143.8 67.9 -132.0 451.7 4.93 6.18 3.41 3.46 5.46 3.60 5.53 6.52 
240 -59.9 203.1 -20.3 -38.5 145.0 58.6 -127.6 451.8 3.28 4.38 3.26 2.30 5.14 4.21 3.60 10.64 
250 -68.2 229.4 -24.5 -45.9 145.4 64.2 -132.9 468.8 4.54 3.13 3.00 3.48 3.81 4.06 6.46 7.72 
260 -11.2 156.4 -16.1 -10.5 157.0 61.3 -148.4 488.9 5.44 7.04 4.43 2.59 9.07 7.12 6.91 9.69 
270 -339.0 -23.0 75.5 -28.2 99.6 56.2 -171.6 513.0 28.13 45.99 9.72 10.88 16.80 18.47 12.23 12.20 
280 -96.8 258.4 -14.0 -37.8 151.7 84.9 -156.7 552.4 4.62 3.81 2.85 5.29 3.08 3.29 5.53 6.17 
290 -115.8 250.5 4.2 -8.7 137.9 124.9 -218.0 622.0 4.27 5.81 4.91 5.13 8.98 9.05 9.88 13.59 
300 -84.3 259.7 1.6 -10.0 174.7 117.2 -183.7 655.8 6.85 3.01 3.81 7.39 4.60 4.90 8.30 11.73 
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Table 28. Dynamic stiffness real and imaginary parts at 10000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 31.6 12.8 -63.9 -0.8 107.1 -9.2 42.4 22.0 0.80 0.90 1.25 0.81 2.82 2.08 2.24 2.83 
30 27.6 24.5 -64.1 -1.8 100.3 -12.7 45.5 33.6 0.79 0.77 1.36 1.02 1.92 1.61 1.19 2.54 
40 28.4 39.0 -67.1 -3.7 92.9 2.6 39.2 48.3 1.19 1.19 1.17 0.98 1.42 3.06 2.98 2.25 
50 28.5 47.7 -66.2 -2.0 95.0 10.2 39.1 65.4 0.92 1.64 1.64 0.67 2.01 2.09 2.05 1.80 
60 35.2 56.6 -64.7 4.3 106.7 10.6 47.4 82.6 36.56 36.09 42.72 43.26 4.61 4.43 5.00 3.73 
70 27.9 62.7 -64.4 0.4 100.0 17.0 36.8 87.8 2.21 1.55 1.08 1.54 2.59 2.00 2.24 2.07 
80 35.4 70.0 -62.0 7.3 101.6 25.4 4.1 117.1 2.12 3.98 2.96 1.20 2.07 2.54 1.95 2.40 
90 29.6 80.7 -66.5 4.4 111.7 17.1 35.1 123.7 2.05 4.28 3.59 2.12 3.16 3.55 3.14 2.28 
100 23.7 90.1 -65.5 2.3 106.0 13.2 36.0 131.9 2.05 3.43 2.78 2.23 1.59 3.27 3.04 2.23 
110 27.3 101.4 -70.7 7.4 105.8 20.7 24.2 138.9 1.91 3.11 2.76 2.85 2.50 1.96 2.54 4.01 
120 28.9 107.2 -65.2 13.5 115.8 30.1 11.2 171.3 3.08 3.78 2.20 2.30 5.81 4.19 4.35 6.20 
130 20.3 97.9 -49.7 11.8 112.5 10.5 31.5 166.0 4.48 4.45 3.25 3.80 6.20 5.46 4.45 6.42 
140 13.1 123.7 -63.4 14.8 132.1 35.6 0.8 206.3 3.74 4.26 3.55 2.66 4.70 4.01 3.74 4.87 
150 40.8 160.3 -60.0 37.1 140.9 -13.2 48.0 218.4 22.75 18.71 7.82 12.12 11.83 23.76 11.40 5.27 
160 3.7 139.5 -53.4 8.5 96.6 22.7 -35.5 191.7 3.99 5.28 4.06 3.79 4.98 4.53 4.10 5.33 
170 3.2 163.3 -87.0 26.4 105.2 28.8 -11.4 199.1 4.23 3.89 7.27 5.55 4.32 5.78 7.76 9.53 
180 -27.8 165.6 -58.5 3.0 123.0 25.4 -15.9 234.4 49.59 40.28 20.73 40.61 8.76 10.74 5.37 5.93 
190 -20.7 149.6 -32.8 20.3 136.1 11.8 17.3 266.2 4.97 6.32 4.26 4.19 7.45 5.32 4.20 7.78 
200 -18.0 180.6 -35.4 15.6 120.2 20.6 -16.0 263.8 3.49 5.74 5.42 3.39 5.95 3.29 4.33 8.70 
210 -32.3 439.4 -55.6 76.8 229.9 -42.1 31.9 325.4 94.61 61.94 23.30 16.25 49.82 75.40 10.88 12.05 
220 -43.1 225.5 -24.3 20.8 117.1 9.2 -9.1 293.2 6.03 8.12 6.39 3.29 5.98 7.80 3.68 7.33 
230 -44.0 236.1 -26.9 15.4 121.6 33.2 4.5 352.8 5.65 13.56 6.52 4.97 8.26 5.19 6.34 7.24 
240 -27.9 201.9 -21.0 8.6 113.2 26.1 14.7 340.2 4.06 8.14 3.08 2.86 7.77 4.61 4.10 5.93 
250 -16.3 224.4 -21.0 18.8 125.1 46.2 9.3 394.1 4.94 5.67 4.83 5.21 4.66 3.91 6.79 13.64 
260 19.8 144.9 -11.7 11.5 126.0 37.1 14.6 362.3 8.11 9.83 2.42 2.30 12.00 10.23 4.49 6.65 
270 -252.5 68.0 0.1 -1.2 111.1 58.0 -43.4 357.3 50.06 29.09 5.38 11.81 14.07 20.66 6.32 10.02 
280 -37.9 247.0 -25.9 4.1 131.2 62.2 24.8 421.2 3.62 7.39 4.12 3.45 3.18 4.93 7.94 11.75 
290 -75.0 244.5 -16.9 -5.8 106.1 54.9 -62.6 371.8 4.79 7.47 5.75 2.61 6.09 7.21 2.57 5.80 
300.00 -33.3 250.0 -25.4 14.7 101.0 80.1 -91.9 440.3 3.57 8.53 6.79 4.85 5.74 4.60 7.07 4.61 
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Table 29. Dynamic stiffness real and imaginary parts at 10000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 65.0 15.2 -62.5 1.5 146.3 -1.0 92.2 28.9 1.17 0.82 1.04 0.75 3.62 2.85 1.58 2.85 
30 59.6 29.5 -63.7 0.8 147.7 -0.7 98.3 46.2 0.95 1.06 1.57 1.04 2.81 2.38 1.75 0.79 
40 64.2 41.7 -69.3 2.9 145.5 16.9 86.0 71.1 1.61 1.50 1.32 0.91 3.11 0.72 4.07 1.37 
50 53.5 58.2 -74.2 3.9 147.9 38.4 81.5 94.2 1.20 2.60 1.73 2.27 3.10 2.28 1.12 4.15 
60 66.1 32.6 -58.3 15.3 164.8 35.4 93.2 113.7 20.40 49.51 50.77 29.51 1.46 6.06 4.20 4.13 
70 72.0 70.9 -66.4 23.8 166.0 31.9 88.2 133.5 3.52 5.28 2.97 2.72 3.59 3.14 2.44 2.47 
80 83.7 88.2 -73.4 35.5 171.7 45.7 73.7 171.8 3.04 3.76 2.04 1.76 4.21 4.26 3.49 3.64 
90 73.9 91.8 -71.2 35.3 171.4 43.2 78.7 182.5 4.63 3.33 1.48 3.90 4.74 4.16 3.16 3.32 
100 68.8 98.0 -65.3 35.6 166.0 38.0 76.7 196.9 3.05 3.43 2.40 2.42 4.24 3.45 3.26 3.89 
110 68.0 104.5 -60.1 38.7 161.1 37.3 78.5 204.7 3.45 2.45 3.99 4.37 2.08 4.77 5.06 2.05 
120 71.0 103.3 -50.8 41.9 176.1 43.5 76.2 239.3 5.12 4.16 5.39 2.34 9.53 8.52 14.94 8.32 
130 53.2 115.8 -58.5 32.9 164.2 28.6 81.3 221.0 8.74 4.16 4.17 7.22 4.29 8.04 7.49 3.82 
140 47.6 130.8 -62.2 46.3 188.7 54.9 55.0 287.5 3.95 4.21 2.77 3.93 3.60 6.49 5.18 6.56 
150 86.7 137.8 -39.7 70.8 232.0 3.7 120.9 310.7 21.16 13.80 7.48 11.34 10.16 15.37 7.20 8.05 
160 37.6 156.7 -75.5 50.3 152.7 61.1 27.2 294.4 4.02 8.18 12.43 11.46 14.45 5.11 15.77 8.92 
170 28.0 184.4 -95.4 61.7 162.1 59.7 36.0 309.5 5.15 7.65 10.93 9.95 7.64 8.85 14.51 8.76 
180 7.6 212.7 -92.7 47.6 180.9 58.1 48.9 330.8 51.42 45.69 17.63 45.51 13.51 16.33 6.45 7.81 
190 0.0 180.6 -49.1 47.3 192.1 40.0 94.3 359.1 4.92 8.25 4.23 4.52 5.41 8.74 6.55 5.24 
200 14.1 217.9 -51.6 57.2 167.7 44.0 50.5 353.5 9.21 3.10 4.60 9.88 4.09 5.77 7.48 5.72 
210 -50.7 562.3 -125.9 154.6 373.9 -4.8 154.0 442.4 116.34 226.48 75.11 63.40 48.35 99.64 27.63 30.32 
220 22.3 264.6 -42.4 82.9 177.2 36.6 70.0 378.6 9.21 3.49 3.32 3.87 6.86 6.29 5.47 5.12 
230 12.9 265.0 -45.3 64.6 196.7 82.1 57.5 472.6 4.80 7.57 4.40 7.04 7.41 4.72 7.73 4.90 
240 24.3 226.5 -25.8 63.0 175.5 77.7 79.0 439.1 2.25 6.08 3.97 5.80 7.20 8.85 6.90 12.04 
250 35.0 250.0 -30.1 68.4 200.1 76.6 81.5 487.3 5.39 5.40 6.81 6.18 3.67 4.27 7.73 7.66 
260 48.5 173.6 -17.0 49.8 180.8 86.4 74.3 466.3 7.04 14.88 3.33 3.61 4.41 8.25 6.96 3.53 
270 -255.7 161.4 -80.9 24.0 194.3 98.4 80.5 469.1 42.28 15.82 12.21 9.44 14.12 26.24 8.03 10.07 
280 20.7 284.3 -39.5 67.2 212.0 116.9 73.9 615.9 9.15 5.08 9.96 6.71 6.47 6.49 7.97 16.32 
290 -26.6 293.2 -49.2 67.7 202.3 90.2 75.3 511.0 6.52 9.58 3.96 3.77 4.64 4.12 6.19 5.86 
300 24.4 291.7 -39.0 83.7 215.6 84.6 89.3 546.7 9.33 4.56 4.29 4.77 2.42 8.77 7.71 5.20 
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Table 30. Dynamic stiffness real and imaginary parts at 10000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 95.1 21.7 -59.9 5.7 205.2 9.7 162.7 42.3 2.72 2.62 1.19 1.43 4.92 8.72 6.65 3.32 
30 96.1 35.2 -60.3 6.2 202.4 9.6 173.1 60.0 2.29 1.69 1.51 1.78 5.54 3.67 4.99 4.82 
40 100.5 50.7 -69.9 6.6 207.9 36.3 145.8 90.3 4.24 3.15 1.89 3.46 4.53 4.63 5.89 2.47 
50 82.2 71.8 -72.9 10.3 204.2 58.1 148.5 125.3 1.92 3.22 2.14 3.34 4.07 4.75 4.33 3.98 
60 108.7 77.4 -65.9 32.8 233.2 57.9 155.3 154.9 89.68 76.81 76.65 70.51 9.93 11.28 9.33 7.56 
70 115.1 87.0 -69.8 39.4 240.4 59.6 144.5 183.8 7.04 4.23 3.67 5.72 10.13 4.61 4.67 8.21 
80 133.2 90.3 -60.8 61.3 252.6 51.6 136.1 231.5 7.89 5.39 4.31 5.26 8.49 6.69 5.50 6.18 
90 116.1 102.3 -63.6 56.2 246.3 57.2 152.6 253.6 8.76 6.24 5.05 8.15 11.64 8.16 7.13 10.89 
100 104.1 99.9 -52.4 50.6 236.9 36.7 167.6 264.2 5.87 4.61 3.44 7.09 8.07 6.54 7.00 8.58 
110 103.4 107.9 -51.9 53.3 234.6 35.8 166.4 275.5 3.48 2.41 2.97 3.25 5.55 4.56 5.59 7.04 
120 113.9 116.7 -46.6 65.8 245.7 47.2 161.7 315.6 6.22 5.41 6.97 6.08 15.76 18.20 19.88 20.38 
130 94.4 135.8 -52.8 58.2 239.8 45.0 166.5 305.1 8.87 6.95 4.85 5.70 10.71 7.46 6.44 8.93 
140 78.9 151.5 -54.6 67.3 255.5 52.2 155.3 372.8 6.76 8.65 9.60 6.00 13.67 13.58 14.70 15.01 
150 114.0 160.7 -38.0 86.6 288.5 -19.9 220.1 365.5 18.45 14.98 10.87 10.79 22.62 25.12 16.61 14.14 
160 84.8 180.8 -74.3 82.3 186.4 90.2 42.4 391.2 7.01 14.38 20.37 15.50 24.71 14.77 17.04 44.52 
170 76.3 222.0 -106.5 115.9 189.6 70.4 67.6 353.5 6.11 10.04 21.66 9.05 19.43 5.13 26.68 29.17 
180 66.8 246.6 -80.0 92.7 237.4 65.9 126.0 423.4 25.42 41.94 24.14 40.91 9.02 12.09 13.62 6.70 
190 42.3 199.9 -42.4 76.6 256.1 47.5 183.3 455.6 7.36 7.63 7.80 7.19 10.26 8.18 10.97 8.46 
200 73.2 229.6 -37.4 93.0 244.7 65.7 144.3 459.4 7.45 9.03 9.63 7.44 6.65 8.80 9.38 11.88 
210 153.1 514.0 -64.0 220.7 353.9 15.7 228.3 516.5 125.08 66.73 55.96 34.12 71.04 55.00 29.73 28.97 
220 84.4 281.2 -25.6 124.2 263.8 55.4 164.5 478.9 7.25 7.30 4.95 7.93 11.40 6.55 11.98 5.11 
230 94.0 281.8 -20.2 116.7 289.6 109.3 150.3 618.9 10.47 9.88 13.26 11.13 14.07 10.82 16.93 15.68 
240 73.1 244.9 -16.6 98.3 266.4 80.8 185.7 558.6 5.68 6.73 5.79 11.18 13.14 6.70 14.37 22.26 
250 97.8 258.6 -9.2 109.5 282.9 71.8 174.9 589.0 5.20 3.85 5.15 5.78 7.53 6.31 9.08 8.30 
260 90.1 183.7 -0.3 78.7 252.0 88.2 164.6 584.1 10.47 8.74 7.99 3.57 14.83 9.73 15.57 7.74 
270 -173.9 200.2 -93.1 48.4 296.9 90.5 189.0 592.0 19.87 26.83 11.12 14.29 26.16 17.26 8.89 12.21 
280 77.0 305.4 -24.7 108.1 270.3 185.4 48.3 841.5 3.84 5.85 10.26 8.75 5.21 5.34 11.74 11.21 
290 47.4 325.7 -39.2 135.6 285.2 97.6 205.7 626.3 6.50 7.20 6.66 8.83 8.21 4.38 12.06 11.77 
300 88.0 305.7 -13.2 143.7 245.8 69.0 145.3 551.4 5.33 5.25 3.77 4.86 6.43 10.55 28.47 11.36 
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Table 31. Dynamic stiffness real and imaginary parts at 10000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 141.7 27.0 -49.8 10.2 290.2 -10.1 278.1 49.5 2.01 1.94 1.10 1.27 3.06 6.13 2.61 3.30 
30 142.2 43.6 -49.9 11.5 281.1 18.7 268.8 72.1 1.11 1.87 0.95 0.83 3.00 4.52 2.96 4.37 
40 148.9 45.5 -57.6 20.8 271.7 23.7 249.8 130.2 3.74 2.83 1.29 1.76 7.09 10.07 5.37 4.29 
50 122.6 78.1 -57.4 31.3 305.5 54.7 268.8 174.6 3.06 3.78 2.14 4.25 8.83 3.90 6.22 4.76 
60 161.8 82.2 -57.0 45.8 309.2 40.7 276.7 193.8 67.45 53.84 57.81 60.71 8.77 7.69 6.55 8.14 
70 152.8 87.6 -48.8 50.4 313.0 44.8 268.1 232.9 3.24 4.01 1.41 2.13 3.58 6.30 1.65 3.51 
80 174.8 83.7 -34.0 68.1 327.4 33.7 266.1 283.3 3.50 3.44 3.20 2.27 10.10 5.78 3.64 6.00 
90 156.1 101.8 -38.8 70.4 320.5 72.8 260.6 335.7 3.74 4.34 4.33 3.67 8.15 7.75 7.38 6.91 
100 156.8 95.2 -32.3 69.7 312.9 36.4 262.9 337.0 2.57 3.60 2.53 3.21 5.87 7.00 6.01 7.17 
110 140.0 120.2 -40.7 66.6 291.5 41.1 247.8 330.1 4.43 4.33 4.62 4.22 5.89 8.18 8.78 7.82 
120 139.1 114.7 -31.8 73.7 316.3 35.4 259.4 393.9 5.07 6.00 3.92 4.39 15.73 13.74 16.64 11.08 
130 155.4 156.5 -37.4 92.5 317.6 40.2 263.5 381.6 5.04 3.56 6.22 6.27 5.64 9.02 6.02 8.12 
140 146.1 152.1 -23.2 100.7 350.5 66.0 243.0 487.1 5.83 4.05 4.65 6.06 8.18 11.07 9.87 11.76 
150 168.3 166.0 -3.3 106.1 425.7 -10.8 368.3 477.4 11.42 11.17 11.51 7.07 11.24 11.70 9.65 9.00 
160 130.2 189.7 -15.6 101.6 218.9 51.5 75.2 368.8 9.73 9.56 7.84 8.16 11.68 7.60 7.78 13.88 
170 120.2 197.7 -38.3 117.1 309.6 48.7 219.7 529.4 6.61 5.70 11.98 7.70 9.19 5.05 18.61 11.58 
180 162.2 323.8 -42.5 179.5 344.9 59.1 254.8 549.1 157.68 128.73 122.58 170.61 8.58 13.15 10.36 12.90 
190 133.1 232.8 -11.6 115.1 346.1 43.4 322.7 563.3 4.94 5.22 5.77 7.14 7.14 7.62 7.94 8.35 
200 131.4 243.6 -15.4 120.5 317.0 68.5 249.2 572.1 8.10 5.75 9.02 10.57 5.73 8.84 9.70 10.62 
210 167.7 251.8 8.1 139.6 422.6 75.2 336.6 675.3 12.89 7.62 9.51 9.27 6.66 9.25 9.07 11.95 
220 140.6 278.8 4.0 155.1 342.6 8.3 310.3 559.1 6.66 9.19 6.06 3.13 5.27 3.91 5.09 4.57 
230 149.2 262.7 17.8 136.8 391.3 118.2 255.5 802.8 5.85 6.12 8.85 5.03 9.66 8.13 8.90 12.59 
240 151.9 282.3 27.4 137.8 366.7 75.0 347.3 701.5 5.59 6.21 8.59 9.35 8.78 6.05 6.87 10.98 
250 143.8 273.0 16.7 138.7 366.0 56.3 319.6 728.4 3.77 6.43 5.62 9.16 10.37 5.64 9.40 8.37 
260 111.2 269.9 5.7 134.2 372.9 87.0 331.7 737.5 9.67 7.01 6.17 6.60 5.86 9.84 3.93 7.82 
270 97.5 243.2 7.5 122.5 370.0 30.8 363.4 681.3 8.87 10.72 6.51 5.21 6.11 7.03 13.23 5.21 
280 151.3 316.0 21.3 141.7 245.0 145.6 -35.7 785.5 4.54 3.34 8.28 8.27 6.02 5.26 6.46 17.18 
290 138.2 370.3 0.7 197.5 371.2 86.5 358.4 766.8 7.89 6.45 8.37 11.61 9.81 2.87 14.24 13.60 
300 142.9 337.4 22.2 187.6 332.0 32.3 332.4 673.0 5.93 7.13 5.93 7.07 8.69 5.92 6.21 18.57 
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APPENDIX B: PRESSURE-DAM BEARING DATA 
 
Table 32. Static test data for pressure-dam bearing 
RPM kPa ex (µm) ey (µm) ε0 Tin (˚C) Tout(˚C) 
4000 0 13.71 6.35 0.13 43.33 47.91 
4000 172 31.24 7.62 0.28 42.78 46.93 
4000 345 43.43 17.01 0.41 37.78 42.77 
4000 517 60.70 32.51 0.60 41.11 46.81 
4000 690 67.31 44.95 0.71 42.22 48.38 
4000 862 69.59 46.99 0.73 41.67 47.23 
4000 1034 69.59 50.54 0.75 38.89 45.27 
4000 1206 71.37 62.48 0.83 42.22 49.00 
4000 1379 71.12 68.83 0.87 42.22 49.01 
6000 0 40.89 -2.28 0.36 41.11 46.57 
6000 172 44.45 0.508 0.39 41.98 47.25 
6000 345 54.35 12.95 0.49 42.78 47.96 
6000 517 62.48 23.36 0.58 44.04 49.77 
6000 690 65.53 30.98 0.63 42.78 50.52 
6000 862 61.97 32.00 0.61 42.78 50.03 
6000 1034 59.6 37.08 0.61 41.67 50.34 
6000 1206 63.24 48.51 0.70 39.44 47.20 
6000 1379 64.51 55.62 0.75 41.11 49.63 
8000 0 42.16 -13.97 0.39 42.90 49.02 
8000 172 54.35 -5.84 0.48 46.11 54.40 
8000 345 57.91 3.30 0.51 45.56 52.56 
8000 517 58.42 6.09 0.51 44.44 48.15 
8000 690 59.43 14.47 0.54 42.22 49.05 
8000 862 66.29 27.68 0.63 42.78 52.89 
8000 1034 66.80 32.25 0.65 41.11 51.18 
8000 1206 66.54 33.78 0.65 41.11 51.20 
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Table 32. Continued 
RPM kPa ex (µm) ey (µm) ε0 Tin (˚C) Tout(˚C) 
8000 1379 68.83 42.14 0.71 38.89 49.37 
8000 1517 69.59 51.05 0.76 42.78 52.12 
8000 1655 67.81 53.59 0.76 42.78 53.32 
10000 0 52.32 -17.78 0.48 43.33 51.68 
10000 172 51.30 -15.24 0.47 45.75 52.26 
10000 345 54.35 -10.92 0.49 43.33 51.11 
10000 517 57.65 -2.28 0.51 45.43 50.52 
10000 690 57.65 4.31 0.51 40.56 49.25 
10000 862 63.50 19.05 0.58 44.23 54.81 
10000 1034 65.53 25.65 0.61 40.56 51.35 
10000 1206 63.75 25.40 0.60 43.89 49.50 
10000 1379 65.78 34.29 0.65 40.56 50.02 
10000 1517 60.70 36.32 0.62 44.44 50.71 
10000 1655 58.67 39.11 0.62 39.44 50.49 
10000 1793 58.92 49.78 0.67 43.53 54.78 
12000 0 55.88 -25.65 0.54 37.78 46.77 
12000 172 58.92 9.91 0.52 42.78 55.28 
12000 345 61.46 16.51 0.56 38.89 54.69 
12000 517 58.42 17.27 0.53 44.44 61.51 
12000 690 59.18 22.35 0.55 38.89 52.70 
12000 862 61.46 30.22 0.60 38.89 56.27 
12000 1034 59.69 32.51 0.59 38.89 53.54 
12000 1206 60.19 42.92 0.65 44.44 56.95 
12000 1379 59.94 43.94 0.65 44.44 57.48 
12000 1517 56.89 48.01 0.65 48.89 53.03 
12000 1655 57.40 51.05 0.67 48.89 53.28 
12000 1793 56.38 54.35 0.69 48.89 55.98 
12000 1931 55.118 56.134 0.69 48.89 53.15 
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Table 33. Bearing pad temperature measurements 
RPM Unit load (kPa) 
loaded pad 5% arc 
length (°C) 
Unloaded pad 5% arc 
length(°C) 
Loaded pad  75% arc 
length(°C) 
4000 0 48.3 44.6 54.0 
4000 345 46.0 50.1 51.5 
4000 690 50.2 44.6 56.9 
4000 1034 46.3 43.2 58.3 
4000 1379 52.0 45.4 63.6 
6000 0 45.5 42.0 54.4 
6000 345 50.9 44.0 59.3 
6000 690 49.0 43.6 61.0 
6000 1034 45.2 41.9 61.4 
6000 1379 50.6 44.3 66.8 
6000 1655 50.6 44.9 72.2 
8000 0 47.6 42.9 59.6 
8000 345 54.3 45.7 65.1 
8000 690 50.3 44.2 64.5 
8000 1034 47.2 43.0 65.4 
8000 1379 50.0 44.5 69.5 
10000 0 54.5 45.7 66.4 
10000 345 52.9 45.4 67.0 
10000 690 49.5 44.2 67.5 
10000 1034 46.2 42.9 68.8 
10000 1379 51.5 45.6 74.1 
10000 1655 46.4 43.5 73.3 
12000 0 50.7 44.8 70.6 
12000 345 49.7 44.4 73.0 
12000 690 51.1 45.3 76.0 
12000 1034 51.7 46.3 79.1 
12000 1379 48.5 45.0 79.9 
12000 1655 50.8 45.6 82.4 
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Table 34. Force coefficients for pressure-dam bearing 
RPM kPa Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy Mxx Myy 
  MN/m kN.s/m kg 
4000 0 0.5 -15.1 61.9 24.6 116.9 -35.5 -6.3 305.7 44.2 73.8 
4000 345 21.9 -31.8 100.8 34.4 180.9 55.6 74.6 434.0 48.1 71.4 
4000 690 61.3 -49.3 178.7 120.6 322.3 229.4 216.4 767.2 0 0 
4000 1034 136.8 -49.9 269.6 238.0 395.2 319.9 236.9 1056.1 0 0 
6000 0 26.4 -39.1 124.1 62.6 153.7 12.6 72.6 412.0 52.8 86.4 
6000 345 43.6 -39.3 135.6 69.9 200.8 89.7 97.9 401.4 40.2 82.0 
6000 690 85.0 -53.3 185.4 107.3 277.7 172.8 181.2 619.3 31.7 37.9 
6000 1034 129.7 -57.3 293.4 182.4 339.7 245.7 222.7 801.4 0 0 
6000 1379 165.1 -37.2 345.7 327.3 317.3 259.9 198.9 903.2 0 0 
8000 0 27.5 -48.9 153.8 81.0 145.4 10.1 81.1 380.1 46.1 83.1 
8000 345 49.2 -44.4 162.4 74.8 168.3 51.5 101.1 355.0 38.9 69.1 
8000 690 94.6 -51.5 179.6 107.6 202.0 96.3 128.9 395.7 36.2 49.6 
8000 1034 149.5 -61.5 270.2 165.0 270.7 166.3 191.1 622.9 25.9 44.5 
8000 1379 159.7 -48.6 318.4 225.5 279.4 185.9 182.7 663.4 0 0 
10000 0 28.7 -45.3 189.1 104.9 130.4 9.5 74.5 303.7 36.0 68.2 
10000 345 68.9 -40.1 178.2 123.8 150.4 58.3 82.2 270.5 33.8 57.8 
10000 690 106.1 -53.9 203.2 125.4 185.5 74.8 114.3 344.7 44.7 55.4 
10000 1034 136.4 -65.8 260.7 152.5 209.1 99.8 139.8 425.5 38.2 38.9 
10000 1379 166.9 -53.1 304.0 234.3 234.6 124.4 181.8 536.1 25.9 39.4 
10000 1655 206.6 -60.2 371.1 295.6 250.7 143.8 162.6 651.7 23.5 0 
12000 0 85.9 -53.3 210.2 130.4 147.7 52.5 110.8 315.1 39.0 59.7 
12000 345 108.9 -63.8 208.2 134.3 155.4 54.7 112.2 325.7 48.2 54.4 
12000 690 140.6 -72.2 265.0 187.6 175.2 67.9 115.6 415.6 48.9 37.8 
12000 1034 170.4 -70.2 334.5 275.1 193.3 90.5 119.9 519.2 42.8 28.1 
12000 1379 202.2 -58.6 384.0 361.2 197.3 96.2 107.6 600.6 38.7 0 
12000 1655 205. -60.8 433.2 450.1 195.6 101.1 95.4 659.5 0 0 
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Table 35. Uncertainty of force coefficients for pressure-dam bearing 
RPM kPa Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy Mxx Myy 
  (MN/m) (kN.s/m) (kg) 
4000 0 2.39 3.06 2.05 4.77 4.35 5.90 4.62 10.66 2.54 5.06 
4000 345 1.57 4.45 4.17 17.93 4.73 11.74 7.14 29.11 1.66 19.04 
4000 690 4.44 3.73 14.71 14.43 10.89 19.54 22.71 52.49 0 0 
4000 1034 9.22 5.53 11.38 13.56 15.37 20.35 29.62 62.48 0 0 
6000 0 1.89 2.69 2.37 7.10 3.84 9.05 8.69 22.70 2.01 7.54 
6000 345 3.70 3.52 4.67 12.22 12.97 22.24 14.36 27.52 3.83 12.63 
6000 690 5.46 2.42 4.49 10.15 16.28 18.19 16.85 33.60 5.19 9.63 
6000 1034 6.33 5.84 16.35 17.49 8.54 13.31 23.88 35.70 0 0 
6000 1379 4.95 11.41 20.05 23.63 10.78 9.79 32.74 47.90 0 0 
8000 0 2.13 2.89 2.05 5.74 3.72 9.26 9.72 23.66 2.26 6.09 
8000 345 2.70 2.50 3.33 10.45 5.96 12.60 13.29 19.01 3.17 12.28 
8000 690 2.96 2.52 9.00 8.71 8.32 9.99 9.93 15.02 3.14 9.24 
8000 1034 5.33 6.26 6.70 16.16 24.736 23.05 23.35 39.62 7.85 23.78 
8000 1379 7.13 15.07 10.75 11.06 14.22 17.69 18.29 26.25 0 0 
10000 0 
2.22 5.06 3.17 5.05 5.87 10.84 10.40 24.13 2.35 5.36 
10000 345 7.05 1.72 19.04 10.64 10.74 16.04 23.66 25.23 8.29 12.50 
10000 690 4.18 2.33 7.70 7.78 7.23 7.59 13.81 11.89 4.44 8.26 
10000 1034 6.00 2.92 8.22 11.94 7.37 8.51 14.28 14.56 6.19 12.32 
10000 1379 7.64 4.71 10.60 13.15 8.93 13.60 18.10 16.98 7.88 13.57 
10000 1655 8.51 2.81 10.29 14.54 11.70 16.11 20.58 25.51 9.14 0 
12000 0 6.47 3.13 15.66 4.43 13.30 17.29 28.53 29.66 8.59 5.88 
12000 345 3.26 2.10 11.62 9.17 9.27 9.42 13.94 15.62 3.66 10.30 
12000 690 7.42 2.28 8.24 11.30 8.91 10.18 17.38 18.89 8.34 12.70 
12000 1034 8.50 4.32 8.98 11.80 8.97 11.70 22.46 22.83 9.35 12.98 
12000 1379 9.71 5.32 11.66 20.91 9.15 9.94 22.89 34.12 10.91 0 
12000 1655 14.40 7.59 13.32 21.93 10.34 13.37 29.10 38.87 0 0 
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Table 36. Dynamic stiffness real and imaginary parts at 4000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 -0.4 12.7 -20.8 -4.9 53.0 2.1 34.2 34.9 0.52 0.49 0.46 0.36 0.65 0.76 0.64 0.68 
30 -0.8 20.2 -19.1 -7.5 53.2 3.6 31.3 51.4 1.12 1.11 2.08 1.24 1.25 1.38 2.74 2.03 
40 -4.1 26.5 -16.0 -13.5 58.3 7.9 25.8 77.2 1.81 1.82 5.26 1.99 2.38 2.52 6.11 3.49 
50 -7.6 36.2 -18.8 -15.1 58.9 6.1 20.4 89.8 1.20 0.85 2.00 1.97 1.49 0.64 2.32 2.42 
60 -22.7 35.8 -5.4 -39.4 67.5 -4.1 26.3 124.3 72.05 106.40 167.51 118.99 74.19 69.87 109.03 119.30 
70 -0.6 59.5 -35.4 -3.2 66.8 8.8 -6.8 131.4 5.69 13.22 21.10 8.18 6.86 12.82 19.72 12.78 
80 -12.7 59.9 -18.7 -21.4 61.9 1.8 2.6 146.5 1.01 1.37 1.62 1.72 1.46 1.33 0.81 3.94 
90 -15.9 68.0 -15.8 -23.6 59.2 0.3 -0.6 162.7 1.19 2.26 3.25 1.84 1.03 1.63 2.15 5.37 
100 -20.6 76.1 -15.7 -25.9 65.2 -1.2 -8.5 187.8 1.20 1.94 2.95 1.69 1.19 1.61 1.63 4.32 
110 -24.3 84.1 -13.6 -29.8 63.6 -0.4 -14.0 204.7 1.22 1.56 2.59 1.33 2.18 1.70 3.61 5.39 
120 -23.8 93.1 -19.3 -27.3 72.5 -2.3 -27.6 236.5 14.45 10.36 22.85 27.27 33.65 42.43 65.47 85.44 
130 -26.3 96.3 -12.6 -22.3 58.5 4.1 -25.8 230.8 7.26 3.04 8.14 28.64 14.00 6.26 11.44 49.91 
140 -33.3 99.4 -14.5 -26.7 65.3 9.1 -36.9 254.9 2.31 4.15 3.33 5.58 3.72 5.82 6.75 15.40 
150 -40.7 111.7 -14.9 -35.6 65.2 2.1 -43.7 282.3 1.76 2.42 3.21 3.51 1.65 2.26 3.54 5.99 
160 -40.0 124.9 -15.2 -39.2 60.2 -3.5 -53.2 296.9 2.60 3.45 12.02 12.31 2.09 2.09 3.24 6.32 
170 -48.9 130.1 -10.6 -41.9 60.4 -1.0 -64.0 314.0 2.40 3.52 9.04 7.21 2.11 2.42 6.46 7.35 
180 203.2 537.3 -231.0 13.3 191.0 48.8 -110.4 381.2 458.76 612.81 620.37 472.02 120.36 161.30 97.35 128.64 
190 -64.2 140.9 -9.9 -44.1 61.8 3.9 -77.6 360.5 4.11 4.17 8.06 13.25 2.35 2.98 7.52 6.06 
200 -69.4 147.9 -4.6 -48.1 62.3 0.2 -79.8 369.9 3.73 8.31 29.01 20.62 7.01 5.72 23.05 24.83 
210 -79.1 150.1 -14.9 -41.8 65.2 6.1 -100.7 419.4 2.29 3.02 8.12 6.28 3.61 5.33 11.18 16.87 
220 -88.1 168.5 -11.1 -42.1 68.3 -6.3 -111.1 444.7 2.34 3.52 4.91 7.20 2.91 2.42 9.38 11.63 
230 -91.7 172.7 8.6 -17.5 73.0 -4.4 -150.5 534.0 5.32 4.05 27.97 37.97 4.05 4.03 26.29 22.50 
240 -102.0 193.7 -3.4 -46.0 53.5 -9.4 -112.1 516.6 4.02 5.21 8.92 11.33 14.30 5.47 17.37 26.32 
250 -115.1 217.5 -1.5 -57.2 34.0 -33.6 -112.5 561.7 2.20 3.28 3.84 8.62 3.92 4.66 3.00 11.30 
260 -112.0 239.7 -6.0 -74.9 -11.5 -42.3 -89.0 623.4 3.63 3.40 23.46 31.14 8.64 5.55 18.76 84.25 
270 -126.3 302.1 -24.8 -83.1 -103.5 -52.7 -63.2 737.5 10.69 30.15 88.54 22.47 32.74 60.54 203.70 113.31 
280 -41.5 330.1 -41.9 -105.1 -172.0 41.8 53.6 766.0 27.55 8.08 10.63 8.24 21.59 34.27 23.33 31.42 
290 76.3 326.1 -123.1 -126.2 -137.0 338.9 195.2 721.6 7.46 31.53 13.81 16.51 55.41 15.13 26.60 45.67 
300 -29.4 252.1 -150.4 -52.7 189.1 251.0 117.9 791.9 132.25 102.44 116.23 171.23 32.01 34.17 63.01 48.44 
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Table 37. Dynamic stiffness real and imaginary parts at 4000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 21.5 21.5 -34.8 2.5 91.7 7.6 50.3 59.0 1.80 1.59 1.43 0.85 6.28 1.59 3.58 2.68 
30 22.6 31.9 -33.0 5.3 94.5 13.7 51.3 90.0 1.57 2.75 2.25 1.81 4.82 2.84 2.96 3.15 
40 20.8 40.9 -30.7 4.9 98.7 22.4 47.0 128.8 3.51 2.66 2.59 3.59 6.72 2.91 7.45 5.65 
50 17.7 52.5 -33.7 8.0 93.3 22.6 37.8 147.4 2.41 2.33 2.00 1.63 6.27 1.81 5.13 8.08 
60 -0.4 75.2 -56.8 -2.7 68.8 1.6 40.0 137.8 74.98 64.69 63.69 151.20 86.80 121.48 226.64 94.95 
70 13.2 74.4 -46.6 12.4 91.7 20.3 24.0 196.3 4.03 5.52 9.67 4.85 7.01 6.25 8.00 14.47 
80 10.3 83.3 -29.5 13.2 85.0 48.7 -46.2 279.6 2.31 4.08 2.65 3.13 9.88 3.06 16.79 17.39 
90 4.9 94.4 -31.9 13.6 98.9 34.0 29.9 263.7 3.96 5.56 6.52 6.94 6.43 3.99 5.11 13.01 
100 1.6 105.4 -29.2 17.3 103.9 45.8 11.5 305.2 2.00 4.75 2.03 2.47 6.47 2.82 4.51 14.17 
110 -3.6 117.1 -25.8 18.8 99.4 46.6 10.2 324.9 4.11 4.66 5.36 5.86 7.68 3.40 6.65 13.74 
120 -2.2 136.5 -28.8 31.2 117.1 70.0 -10.2 376.3 60.66 59.68 130.22 97.41 139.81 162.74 362.10 206.76 
130 -6.6 136.0 -9.2 34.2 102.8 62.4 -28.7 396.6 6.99 11.90 28.77 13.92 16.14 17.95 44.32 28.48 
140 -18.3 152.4 -29.1 31.7 103.3 69.7 -39.6 414.8 5.42 8.33 14.47 10.06 8.79 8.75 21.54 25.95 
150 -23.6 165.3 -31.4 32.3 96.5 70.7 -54.0 413.6 3.02 8.63 10.89 7.92 6.70 4.35 8.22 19.11 
160 -30.0 175.7 -26.7 29.1 98.1 82.3 -62.9 494.7 7.82 7.12 16.55 21.58 8.81 5.82 9.88 25.11 
170 -33.1 182.0 -25.0 37.0 102.6 78.1 -44.9 507.4 6.35 10.31 8.50 12.95 8.29 4.57 10.55 18.62 
180 373.3 -214.1 196.2 -342.9 146.7 -173.0 -81.2 344.9 2041.47 1633.09 984.40 1072.29 888.50 786.53 512.27 371.55 
190 -43.3 212.1 -28.2 51.0 117.2 92.6 -71.4 558.9 5.47 10.54 13.16 17.48 9.16 8.45 9.14 37.93 
200 -52.5 222.6 -32.7 56.3 113.1 92.2 -43.5 563.7 38.69 18.65 41.05 48.21 22.21 98.71 77.00 83.37 
210 -62.0 230.9 -38.9 62.9 120.5 99.9 -57.4 593.9 8.23 13.56 18.03 22.66 14.13 11.02 37.98 46.74 
220 -69.5 255.5 -57.2 95.0 104.0 92.8 -121.0 557.5 3.62 13.94 13.75 12.64 7.10 4.58 8.16 24.61 
230 -50.6 254.4 54.0 127.6 191.9 119.9 145.0 906.8 20.96 14.93 77.55 93.14 32.50 32.04 114.02 165.23 
240 -72.5 284.4 -18.0 109.4 151.9 142.2 -5.2 828.0 12.44 14.09 21.98 27.41 26.02 20.91 37.92 89.02 
250 -78.7 298.4 -20.3 119.2 165.9 145.7 23.0 874.2 3.85 16.25 8.30 18.41 12.88 10.42 29.68 40.05 
260 -82.6 310.6 -20.5 121.4 197.5 139.6 97.2 984.8 6.93 20.62 29.22 40.28 22.65 23.37 58.72 80.37 
270 -72.3 331.3 -29.8 146.5 217.8 107.7 184.2 883.8 51.55 17.38 52.79 84.25 96.23 58.86 145.40 93.48 
280 -88.8 342.1 1.8 168.1 308.6 188.3 553.5 1387.5 7.21 17.96 18.13 40.82 34.06 15.78 138.06 108.24 
290 -106.6 418.2 6.9 264.8 207.6 60.3 197.2 791.3 9.59 10.67 21.77 20.63 16.24 31.07 36.77 127.43 
300 -46.6 492.8 184.6 385.8 481.1 520.4 539.1 2082.4 57.61 131.79 162.28 392.50 77.21 141.71 222.83 310.59 
  
 
142
Table 38. Dynamic stiffness real and imaginary parts at 4000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 69.0 37.5 -59.7 19.5 161.8 35.3 110.4 110.5 5.29 2.13 4.76 4.14 8.81 4.84 5.97 8.89 
30 70.4 63.1 -59.4 41.6 164.0 32.0 126.1 150.3 1.27 1.48 1.06 1.39 0.79 1.47 1.77 2.93 
40 72.4 80.8 -55.4 53.4 159.4 48.9 115.8 199.5 1.37 1.39 1.15 1.18 2.14 1.52 3.03 2.77 
50 70.4 93.7 -49.9 66.8 162.7 56.5 117.0 254.8 1.41 1.70 0.97 1.35 1.75 0.97 1.24 2.86 
60 73.9 116.3 -53.2 72.7 169.0 60.0 136.6 279.2 47.94 43.73 48.37 35.58 115.84 87.81 113.35 66.24 
70 73.1 143.4 -51.4 109.8 176.1 101.9 122.7 375.0 3.41 2.69 2.54 5.09 4.70 3.48 8.97 6.86 
80 60.7 151.9 -42.1 102.4 151.3 107.4 65.6 409.9 1.36 2.02 0.71 3.46 3.51 3.63 8.63 6.06 
90 65.7 178.2 -37.7 123.6 173.8 116.1 107.8 465.0 1.87 2.17 1.87 2.83 3.37 1.37 6.95 3.70 
100 62.4 209.7 -40.2 143.2 189.6 139.5 106.2 529.7 2.07 2.75 2.56 3.16 3.61 6.53 9.76 12.55 
110 50.9 229.4 -48.1 150.5 161.8 148.2 70.7 539.7 1.56 2.06 3.38 2.49 3.14 3.24 8.91 8.22 
120 36.9 257.4 -45.3 172.9 137.2 190.9 35.5 613.9 67.35 118.25 147.29 103.33 110.68 227.32 255.58 209.75 
130 60.9 254.3 -3.2 170.3 206.3 148.3 149.9 623.1 3.32 6.18 4.11 9.11 8.44 5.71 21.31 11.09 
140 69.8 295.7 -3.9 222.7 207.0 219.8 65.2 755.8 4.13 6.38 8.64 7.75 7.24 5.89 12.92 10.87 
150 70.4 308.5 21.6 224.3 254.9 202.4 177.2 781.0 3.04 4.64 3.80 4.36 6.35 2.76 10.70 11.26 
160 46.7 330.0 -6.1 217.6 154.7 241.6 -21.6 796.8 2.73 3.56 2.90 5.20 7.26 4.18 16.90 10.21 
170 44.3 340.6 5.8 244.8 179.7 244.9 28.4 883.9 4.80 5.64 8.33 8.23 6.18 3.96 12.22 10.38 
180 347.2 331.1 243.8 284.1 310.7 123.5 133.2 807.9 444.84 588.51 915.24 787.64 318.51 255.22 602.17 373.14 
190 52.5 366.3 39.8 251.0 247.4 240.3 132.9 931.5 3.57 5.42 5.27 8.05 8.22 6.08 12.97 13.98 
200 51.3 387.1 51.9 242.4 203.7 238.2 49.9 856.4 32.50 60.63 73.90 130.84 111.45 89.54 113.86 286.61 
210 50.4 433.2 69.1 324.9 285.0 319.9 169.3 1106.4 5.27 3.53 8.36 5.44 10.31 6.98 17.57 19.74 
220 63.4 453.6 87.8 328.8 255.7 278.3 117.8 1058.3 2.78 3.39 3.85 4.29 6.75 9.07 13.05 24.82 
230 47.5 474.7 83.1 350.1 218.6 408.3 -8.2 1261.8 3.59 3.95 7.01 6.30 16.63 11.75 33.68 24.47 
240 48.2 483.3 105.4 324.9 295.7 357.0 224.9 1235.3 35.28 22.64 41.56 53.16 75.40 46.54 90.78 105.75 
250 56.4 529.6 117.9 371.3 288.4 367.9 184.0 1393.6 7.82 4.47 10.59 11.72 10.69 8.72 28.40 22.73 
260 52.5 544.3 145.3 363.0 314.9 436.5 307.1 1514.3 4.67 9.64 7.96 8.13 17.23 20.25 33.98 32.54 
270 161.0 645.1 255.6 424.6 342.2 431.1 480.8 1499.6 262.09 303.24 239.45 240.30 465.28 536.27 420.97 432.39 
280 336.3 343.2 375.1 137.9 1271.1 940.9 1246.9 2178.9 29.83 19.04 38.03 21.60 124.80 82.52 134.81 72.68 
290 202.5 405.6 247.7 184.0 728.8 311.3 1036.7 1499.0 10.75 9.49 12.70 7.85 30.04 24.17 29.86 33.57 
300 243.4 448.6 271.9 199.4 702.2 454.4 1182.2 1539.6 153.58 190.96 116.88 194.59 188.33 228.39 179.01 208.70 
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Table 39. Dynamic stiffness real and imaginary parts at 4000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 122.6 63.6 -59.4 25.9 248.3 55.7 220.1 153.7 13.45 16.18 6.12 9.93 25.41 17.16 23.46 12.66 
30 130.8 82.9 -50.6 60.4 261.5 45.4 246.4 219.4 8.03 10.28 5.69 2.25 4.49 10.97 11.87 3.79 
40 125.8 98.3 -46.4 75.5 253.5 66.3 236.8 298.4 7.57 4.91 3.70 3.08 6.93 7.10 7.17 5.03 
50 120.2 118.7 -42.4 96.6 257.5 76.2 247.6 379.0 5.58 3.18 2.06 3.71 5.01 1.58 3.50 4.83 
60 140.2 153.2 -59.9 116.2 272.5 88.5 223.1 411.3 110.15 104.16 137.84 60.87 291.73 227.61 343.73 117.92 
70 112.3 188.2 -51.1 149.7 276.2 153.0 252.3 560.9 5.69 20.28 11.18 9.80 12.02 16.67 18.69 11.72 
80 130.3 196.6 -13.4 171.1 271.6 106.8 198.1 572.5 6.92 22.07 9.55 15.22 11.51 9.64 5.37 8.56 
90 118.4 231.6 -18.6 189.9 280.4 141.3 268.4 672.8 5.54 12.16 10.35 6.20 7.14 6.78 6.03 15.27 
100 126.2 259.0 -5.6 215.3 306.2 174.1 269.7 765.4 15.40 12.20 3.94 15.08 16.31 8.71 8.70 15.00 
110 113.5 293.2 -13.6 234.5 271.4 184.5 233.6 784.2 4.28 19.24 10.88 13.84 9.73 8.60 13.85 27.95 
120 137.9 328.3 20.2 287.7 317.0 232.5 267.9 931.9 185.80 121.32 264.88 174.16 388.80 220.64 549.87 327.50 
130 143.0 323.0 55.6 263.6 344.2 193.9 346.8 908.0 7.15 30.39 13.38 22.59 17.71 26.85 20.07 18.15 
140 174.8 367.8 83.6 320.9 390.3 263.8 314.1 1083.1 28.76 41.93 11.35 38.03 33.01 35.87 28.06 18.24 
150 155.5 405.0 95.7 338.1 418.0 245.2 425.0 1102.2 10.96 48.26 7.55 41.65 34.06 33.64 37.33 23.39 
160 130.4 421.6 63.4 332.8 309.2 298.4 205.7 1181.8 12.63 40.56 7.71 37.29 17.48 22.84 28.27 21.08 
170 121.3 428.9 80.1 351.5 319.8 295.4 240.0 1255.2 9.30 31.65 15.90 29.98 18.15 21.23 21.59 15.62 
180 65.2 570.3 -372.1 443.2 418.1 398.8 81.1 1593.1 1321.85 1267.88 1945.21 1815.63 1213.65 747.34 1784.67 1132.63 
190 164.8 453.6 160.8 356.7 434.9 273.3 421.5 1291.5 24.10 34.44 19.77 30.55 22.92 28.33 12.22 20.81 
200 149.9 499.9 151.5 385.9 389.5 307.4 343.1 1307.4 24.93 29.43 21.82 39.77 48.71 20.27 67.70 59.34 
210 151.4 542.0 191.8 433.0 496.7 343.1 526.8 1470.3 29.62 50.45 22.98 47.39 46.91 47.10 50.31 31.81 
220 171.7 540.9 216.9 429.4 449.4 298.4 453.2 1418.5 41.82 30.16 34.37 31.04 51.36 28.27 54.82 29.64 
230 163.2 585.0 213.9 456.3 436.5 456.8 340.2 1719.7 29.40 47.14 20.93 35.82 25.34 37.97 13.17 37.81 
240 176.1 575.2 252.5 413.4 533.4 370.6 625.5 1596.8 53.34 33.86 82.50 47.93 98.84 56.74 171.75 86.10 
250 157.0 625.9 251.5 470.9 505.7 360.9 612.4 1682.3 17.29 30.23 14.88 22.75 29.70 22.67 28.27 28.44 
260 155.5 662.5 269.6 497.1 455.8 422.8 581.3 1840.4 23.36 30.23 13.15 29.09 43.72 27.22 33.72 31.47 
270 170.4 757.7 372.3 541.2 476.5 428.6 856.3 1814.2 86.04 115.50 349.84 249.98 178.52 183.59 571.24 524.47 
280 205.5 922.9 410.5 733.7 -128.6 970.1 -57.0 2945.0 49.17 37.76 46.09 41.38 193.64 65.35 246.03 107.79 
290 628.8 1060.9 851.9 728.4 703.2 1330.1 1505.5 2861.4 48.61 27.78 49.22 39.02 96.69 145.99 103.53 153.00 
300 838.0 589.6 886.1 181.7 1217.5 957.8 2120.1 2011.7 240.59 270.10 240.32 274.30 485.65 341.27 481.52 344.25 
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Table 40. Dynamic stiffness real and imaginary parts at 6000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 26.3 17.5 -40.7 2.0 122.3 8.9 64.3 53.8 2.04 1.48 1.55 1.02 6.05 1.87 4.14 3.17 
30 24.8 27.0 -40.8 1.3 121.6 12.0 65.4 76.9 1.70 1.66 1.09 0.67 5.68 1.19 3.64 4.56 
40 21.3 37.7 -40.3 -1.5 120.0 16.4 62.9 99.5 1.89 2.23 1.25 0.81 5.49 0.88 3.98 5.40 
50 19.7 47.8 -40.5 -0.7 119.1 20.0 58.1 121.7 1.65 2.96 1.47 0.86 5.10 1.17 3.43 6.44 
60 22.2 65.2 -46.1 5.6 104.5 28.0 43.3 139.4 20.85 20.25 20.19 16.98 45.22 48.45 41.88 49.51 
70 17.4 63.3 -37.0 1.6 121.5 38.6 34.1 175.5 2.23 3.34 0.95 1.51 5.61 2.22 4.01 9.24 
80 14.3 71.7 -38.9 -0.4 126.0 34.4 39.2 207.2 2.75 3.86 0.91 1.56 5.91 2.50 3.48 11.85 
90 8.6 80.8 -34.6 -1.5 124.5 39.8 31.5 228.1 2.43 4.01 0.86 1.22 5.77 2.51 2.29 11.68 
100 6.4 90.2 -37.0 -2.7 123.4 36.7 16.9 255.1 3.25 4.90 2.27 2.52 15.84 8.50 6.64 15.04 
110 -3.8 101.8 -36.6 -4.0 123.9 47.6 20.6 274.1 1.46 5.13 1.47 2.57 6.21 2.46 4.41 15.13 
120 -4.7 109.0 -36.8 -4.2 129.0 48.7 -3.2 300.0 19.80 12.84 13.66 27.31 60.81 34.37 57.91 78.62 
130 -6.5 118.8 -31.2 1.0 126.3 46.2 17.2 323.1 2.12 5.92 0.97 2.80 6.10 5.40 3.53 18.94 
140 -15.4 129.7 -38.1 0.3 129.8 70.2 -20.3 355.3 2.28 6.36 2.23 2.54 6.54 3.49 2.18 20.22 
150 -18.5 140.7 -34.8 7.6 136.0 68.8 -4.3 393.4 2.01 6.79 1.27 3.63 7.17 4.25 1.64 24.11 
160 -23.3 151.8 -35.7 -2.2 117.4 72.0 -27.7 382.8 3.16 8.54 1.53 6.59 7.64 5.27 1.73 25.61 
170 -33.3 158.9 -36.7 4.7 116.4 70.9 -38.8 418.1 3.10 7.92 5.07 4.59 7.73 4.55 4.51 25.35 
180 244.2 509.9 -214.1 218.0 245.4 79.8 -35.6 519.5 1663.15 1216.80 549.87 451.81 98.73 561.14 176.18 90.39 
190 -43.7 177.6 -33.5 10.9 133.4 73.1 -37.7 476.3 4.09 8.68 4.30 6.70 7.01 3.76 4.01 25.59 
200 -59.2 188.9 -42.1 -3.9 121.0 78.7 -70.0 472.6 13.33 32.21 10.46 12.56 14.93 34.91 8.68 39.59 
210 -70.0 197.6 -54.8 17.1 126.5 102.5 -95.9 558.8 1.73 9.84 5.22 4.79 9.34 2.39 12.40 24.61 
220 -74.5 219.0 -51.2 32.3 125.7 112.4 -110.0 614.5 2.90 10.07 5.89 3.37 5.96 2.28 9.74 25.36 
230 -78.9 234.5 -51.8 13.1 114.6 132.1 -144.0 614.4 1.61 12.05 3.48 3.88 9.61 5.84 4.06 34.29 
240 -80.8 261.8 -37.7 49.0 115.9 151.2 -96.2 715.5 2.03 14.15 7.49 9.16 8.10 8.09 15.87 41.65 
250 -94.8 288.8 -52.7 72.5 138.5 144.8 -71.5 801.3 3.78 11.23 4.41 2.72 8.78 6.57 11.34 35.64 
260 -68.3 331.4 -27.7 72.6 119.3 195.6 -51.5 889.8 4.27 22.18 8.45 7.19 7.94 14.90 13.77 30.59 
270 -46.1 336.8 -26.2 103.6 252.4 214.0 142.5 1114.2 6.59 16.74 5.54 14.31 21.85 20.58 15.58 53.65 
280 -70.0 324.4 -31.6 80.5 203.1 156.0 221.1 1137.0 7.82 13.82 3.12 14.75 19.45 13.53 23.54 71.40 
290 36.5 442.4 -43.4 181.8 272.7 296.0 365.6 1368.0 10.86 46.12 15.44 19.13 46.92 45.49 50.40 74.76 
300 85.0 189.9 116.2 61.8 546.0 -87.2 945.5 1405.5 51.29 55.50 35.53 44.55 245.98 225.58 124.74 143.52 
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Table 41. Dynamic stiffness real and imaginary parts at 6000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 44.92 21.22 -44.08 2.06 135.12 7.85 74.73 49.43 1.85 2.48 1.20 0.99 4.18 2.56 3.61 3.34 
30 42.94 35.93 -47.81 9.13 136.29 16.42 72.70 79.73 1.64 1.90 0.84 0.69 3.32 0.94 2.39 3.54 
40 43.42 44.76 -47.01 10.62 135.89 22.31 67.88 106.53 2.05 2.59 0.94 1.31 3.59 1.35 2.67 4.50 
50 42.39 53.20 -45.07 14.33 135.38 26.11 64.89 133.59 1.67 2.04 0.81 0.67 3.45 1.31 2.45 4.85 
60 43.68 66.58 -50.80 13.67 133.90 30.86 65.16 145.74 22.85 20.26 14.98 24.08 37.63 57.52 55.90 31.08 
70 40.84 74.99 -42.78 24.66 136.17 41.26 52.47 184.13 2.66 3.23 1.66 1.93 3.53 2.76 1.51 7.93 
80 32.49 87.80 -43.84 18.86 109.49 59.56 0.02 251.59 2.09 4.27 1.78 1.97 2.52 1.83 7.34 9.22 
90 31.70 96.18 -42.08 25.39 138.33 54.95 40.47 248.46 2.40 3.52 1.04 2.44 4.59 2.50 2.76 9.72 
100 28.50 110.58 -45.40 26.83 143.16 53.90 31.50 278.37 3.49 4.48 2.69 3.39 9.15 5.46 6.44 10.57 
110 20.13 120.81 -39.21 27.97 128.74 67.54 26.01 286.97 2.56 4.41 1.09 2.98 4.39 2.93 3.46 10.90 
120 32.93 145.32 -49.96 50.40 175.66 77.58 9.62 362.06 34.53 32.74 35.41 51.41 90.47 66.40 97.59 112.70 
130 12.11 142.91 -35.42 35.31 136.46 67.49 25.06 332.81 2.45 5.13 2.00 4.28 4.32 2.06 3.42 11.42 
140 6.66 157.37 -44.16 43.22 132.88 96.64 -16.78 375.98 3.03 5.16 3.21 4.79 3.32 3.01 2.63 13.92 
150 8.04 173.72 -35.37 59.17 144.85 86.95 14.02 397.85 2.62 7.20 3.62 3.79 3.67 2.84 2.41 13.88 
160 0.48 182.05 -35.75 41.88 128.74 126.95 -36.13 448.48 3.48 6.62 3.75 5.61 6.11 2.08 10.50 17.46 
170 -3.01 193.98 -44.67 63.84 133.26 114.27 -38.96 471.85 6.11 8.21 8.13 7.60 3.33 4.36 2.92 14.18 
180 59.48 499.26 -82.59 309.21 224.44 165.78 12.69 542.11 1222.71 1553.69 1069.89 569.90 261.83 534.30 216.53 316.78 
190 -18.26 217.37 -30.78 71.78 157.27 117.06 -10.44 508.49 4.52 9.82 8.98 11.12 5.40 2.95 4.29 15.71 
200 -24.68 245.40 -26.42 94.76 128.51 109.56 -64.12 490.16 12.64 12.36 19.42 18.07 18.81 7.91 11.70 28.48 
210 -27.12 255.04 -41.40 112.74 145.20 136.39 -53.22 556.68 4.39 10.69 3.14 7.90 4.20 4.03 7.91 19.69 
220 -19.26 298.13 -22.04 154.06 109.56 109.82 -106.02 504.79 3.36 8.98 3.44 3.91 1.84 6.05 4.13 20.45 
230 11.21 277.75 46.38 158.47 306.64 169.31 159.64 816.55 4.01 11.47 6.44 12.71 9.07 12.59 10.81 40.44 
240 11.16 321.93 32.09 158.17 274.16 158.69 97.10 725.86 8.25 18.95 16.13 22.13 11.64 37.98 23.88 52.61 
250 32.89 293.85 81.76 141.76 270.20 86.15 117.10 725.61 3.91 17.94 4.08 14.91 13.33 12.54 13.18 30.84 
260 -14.85 265.51 45.56 71.76 186.26 86.94 37.29 758.24 5.59 9.22 6.17 8.45 6.34 4.88 14.79 24.20 
270 16.46 314.34 60.03 117.46 179.72 107.86 97.73 797.26 4.35 17.43 4.53 15.79 5.60 9.56 6.46 28.90 
280 -7.65 265.66 90.11 50.90 316.82 45.45 349.71 1062.36 10.84 9.90 13.52 6.91 29.13 13.45 34.99 51.99 
290 -16.26 271.45 65.83 34.81 124.13 114.94 174.86 818.47 7.66 11.38 7.88 10.15 24.20 36.05 18.97 86.28 
300 -21.55 267.80 114.80 -12.32 462.28 214.63 368.17 1567.11 26.68 106.67 97.63 116.40 107.01 94.04 168.82 186.75 
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Table 42. Dynamic stiffness real and imaginary parts at 6000 rpm and 690 kPa (MN/m)  
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 93.4 27.5 -55.6 12.7 177.9 18.5 102.5 49.4 8.14 7.44 3.07 2.89 23.41 3.64 12.03 12.39 
30 82.1 50.6 -59.2 25.3 189.0 20.5 121.8 79.7 8.37 8.73 2.34 2.40 20.48 3.06 11.89 16.22 
40 83.9 64.6 -58.0 30.1 182.2 37.3 108.1 106.5 9.39 11.28 2.53 3.21 21.08 4.12 12.39 20.99 
50 82.2 76.2 -54.8 39.5 184.3 45.2 108.0 133.6 10.93 13.46 2.26 4.62 18.07 5.90 10.23 23.96 
60 87.0 106.5 -62.1 61.1 177.3 78.4 92.1 145.7 81.77 66.55 42.59 67.64 165.82 164.49 101.31 152.78 
70 85.6 111.7 -52.2 62.2 194.6 71.1 104.4 184.1 14.64 18.32 2.23 9.03 23.49 14.70 9.90 38.52 
80 74.2 121.6 -49.8 61.7 174.3 85.4 74.0 251.6 13.60 16.14 1.16 7.18 27.75 15.09 11.61 45.87 
90 74.4 137.0 -48.8 69.3 192.2 92.3 89.7 248.5 14.54 15.53 2.47 7.98 28.26 14.62 11.13 48.50 
100 73.7 154.7 -52.4 77.3 191.4 98.6 78.0 278.4 14.42 17.83 5.08 8.25 31.84 12.55 15.21 56.39 
110 60.0 177.8 -49.8 85.3 182.8 111.1 78.0 287.0 10.79 18.93 1.58 8.69 30.14 10.52 10.35 53.26 
120 69.4 185.4 -39.2 97.0 206.4 99.7 82.8 362.1 61.92 69.75 57.76 85.04 138.08 144.69 137.24 176.23 
130 59.8 197.9 -28.4 99.7 197.7 107.7 89.8 332.8 8.05 23.89 1.61 11.19 27.14 12.29 5.62 61.60 
140 54.6 224.3 -44.4 120.2 197.2 155.8 34.2 376.0 10.79 26.09 5.21 13.78 34.33 12.34 17.40 71.42 
150 65.3 244.7 -21.1 143.0 230.0 154.3 101.4 397.9 13.73 27.90 9.20 14.82 31.00 10.98 18.30 70.36 
160 47.2 256.0 -33.4 118.1 166.4 187.2 -9.1 448.5 15.39 29.17 12.04 16.04 31.45 19.58 10.37 79.48 
170 41.8 266.7 -35.7 142.9 184.9 186.9 9.3 471.8 14.55 30.76 6.76 22.13 30.50 19.62 10.68 85.58 
180 -390.5 323.3 -275.2 265.0 95.7 320.8 -7.3 542.1 2125.69 1682.87 1502.70 1280.01 847.12 599.74 590.27 475.37 
190 35.5 293.4 -9.4 158.9 221.6 181.5 69.1 508.5 14.83 37.46 5.97 26.81 38.36 18.76 16.22 94.72 
200 28.5 313.9 -10.8 167.1 180.2 198.5 -14.8 490.2 21.10 62.52 31.23 18.23 71.39 45.30 19.88 104.14 
210 16.4 342.3 -21.5 207.9 227.0 243.4 40.6 556.7 8.95 33.48 13.86 15.09 36.28 14.30 19.31 90.76 
220 19.2 374.0 -9.3 219.9 202.9 220.9 15.1 504.8 7.03 40.97 11.58 21.01 27.36 15.76 8.65 90.67 
230 10.6 387.2 -8.6 224.4 187.2 314.6 -45.2 816.6 11.22 44.53 13.13 29.19 30.18 34.76 10.57 125.67 
240 16.0 413.0 12.6 247.0 249.2 299.0 87.3 725.9 23.94 46.42 40.33 40.07 59.02 43.40 66.48 154.97 
250 22.3 459.2 15.2 287.8 214.9 301.2 15.4 725.6 20.76 52.14 25.89 40.08 52.32 21.43 37.40 114.69 
260 28.1 459.7 47.6 266.8 235.8 367.5 70.7 758.2 28.07 36.61 39.03 20.29 35.66 23.87 18.19 122.69 
270 85.2 599.8 87.0 365.7 277.0 446.4 206.6 797.3 23.31 33.61 27.35 13.02 35.31 52.88 37.90 156.35 
280 386.0 274.8 326.8 106.5 976.6 884.1 685.1 1062.4 91.62 61.24 76.74 44.31 306.59 204.30 242.11 280.73 
290 155.7 332.3 145.8 146.2 590.8 307.5 613.2 818.5 41.96 47.39 42.25 24.00 130.91 38.26 142.87 146.30 
300 194.4 369.3 168.5 163.2 768.7 220.0 895.2 1567.1 299.84 159.97 236.37 148.65 1170.54 1165.75 817.59 1049.17
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Table 43. Dynamic stiffness real and imaginary parts at 6000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 152.9 42.7 -67.1 28.9 263.2 16.8 181.9 98.2 6.09 5.04 6.46 4.68 10.89 4.90 7.35 6.73 
30 138.0 68.4 -65.3 40.7 271.5 24.8 206.7 146.6 5.14 6.40 5.40 2.59 11.26 4.13 5.69 9.34 
40 138.9 89.9 -66.0 53.1 260.5 50.9 189.0 203.1 3.27 6.06 5.69 2.54 7.66 3.78 6.18 7.93 
50 136.3 107.5 -62.7 68.3 261.5 64.7 190.4 260.0 3.42 8.12 5.52 3.39 7.55 5.98 5.46 12.12 
60 118.3 146.8 -78.8 68.0 186.3 110.3 164.4 250.9 73.07 94.49 82.61 60.42 184.20 235.88 224.02 134.49 
70 144.2 155.4 -57.6 105.6 280.1 102.9 191.5 367.3 6.44 7.94 4.09 5.23 11.11 8.30 7.58 13.98 
80 139.2 167.8 -42.0 117.8 249.9 97.5 136.5 395.3 7.40 9.17 4.42 6.35 11.52 6.38 7.04 15.80 
90 138.6 190.5 -47.6 128.8 290.2 130.2 191.0 483.1 6.04 7.89 3.47 4.96 10.38 5.57 6.43 15.41 
100 126.6 207.5 -56.9 125.2 265.3 167.1 135.2 546.3 23.03 17.53 15.47 23.32 19.86 42.57 42.09 34.00 
110 119.1 242.5 -50.6 154.3 281.3 152.8 180.9 560.5 6.94 8.03 4.90 7.49 13.30 5.22 7.99 18.17 
120 93.3 243.8 -41.8 119.0 219.6 151.1 127.7 516.9 120.00 117.90 159.95 84.86 236.59 242.06 329.12 156.43 
130 129.3 269.2 -16.6 180.9 299.0 145.1 205.8 627.0 6.97 11.76 6.28 10.53 16.71 9.15 10.49 26.93 
140 127.9 303.7 -23.7 213.4 303.5 209.4 148.7 746.9 7.55 13.13 6.19 10.37 13.47 7.39 7.63 28.05 
150 141.3 330.0 7.7 238.8 340.7 202.5 234.0 796.0 8.47 13.88 6.40 14.42 13.70 6.19 11.37 27.54 
160 122.6 349.5 -12.9 221.0 280.4 253.3 115.8 834.0 7.85 15.28 8.23 12.52 13.91 6.22 12.73 27.05 
170 117.3 365.9 -8.4 253.2 292.9 250.7 133.5 889.0 9.88 15.71 12.83 13.40 15.70 7.10 10.62 30.62 
180 547.0 1477.5 -135.0 1346.6 920.5 442.8 562.4 1337.6 2149.98 4977.10 4771.23 3853.47 1827.63 2361.50 1177.05 3165.82
190 123.3 390.6 35.1 271.2 351.9 239.0 236.8 951.4 10.05 15.84 16.58 16.26 13.34 9.58 9.93 32.05 
200 98.5 502.4 17.9 416.6 230.9 242.6 16.0 920.7 199.77 243.73 140.10 292.02 204.03 199.66 259.94 143.20 
210 102.7 450.3 43.1 329.1 363.0 300.0 229.4 1094.4 15.10 15.31 18.76 20.18 19.38 7.12 23.88 28.87 
220 107.6 478.5 57.7 339.6 333.9 278.0 194.0 1047.5 6.87 15.12 12.26 10.75 14.62 6.23 16.33 33.23 
230 101.8 503.4 50.8 349.2 321.5 388.0 124.0 1254.1 5.18 17.70 9.14 13.23 14.31 12.32 8.56 44.90 
240 114.1 530.2 86.2 376.8 398.4 367.9 300.0 1283.9 18.51 26.84 39.25 35.11 32.84 46.13 73.23 83.73 
250 113.3 568.7 85.7 411.6 394.4 352.3 291.7 1319.6 6.39 21.43 12.08 13.84 24.72 14.88 14.26 50.97 
260 113.8 584.9 103.9 410.4 340.4 390.2 260.9 1405.9 13.51 19.53 18.78 15.13 33.24 10.48 28.49 45.16 
270 98.2 670.0 103.0 474.7 311.2 436.9 314.2 1488.8 9.34 7.73 21.26 11.85 28.17 16.47 31.37 35.43 
280 151.0 805.1 175.5 579.0 -134.5 842.9 -237.9 2134.8 16.19 22.09 19.70 27.27 29.88 42.19 28.09 81.82 
290 542.2 807.2 500.6 580.0 638.0 1088.6 807.0 2224.9 32.19 59.56 36.06 37.34 63.69 62.64 52.81 72.03 
300 490.8 502.8 473.5 296.2 920.1 799.7 1314.9 1818.8 275.75 173.31 248.48 146.50 863.56 320.83 761.56 248.19 
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Table 44. Dynamic stiffness real and imaginary parts at 6000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 165.0 44.8 -67.3 22.9 299.0 67.7 280.3 146.7 80.95 30.52 86.71 9.97 149.79 50.72 142.37 54.78 
30 176.5 56.5 -41.7 34.6 316.6 12.8 332.2 134.5 31.63 75.91 42.28 61.71 23.01 136.03 45.99 121.06 
40 161.3 72.1 -45.3 49.2 283.9 42.6 296.4 213.3 29.36 33.07 9.72 45.70 54.61 39.28 32.73 69.09 
50 160.1 99.9 -45.9 70.5 299.6 68.8 300.6 288.5 16.84 39.27 14.75 23.76 20.69 63.38 25.88 33.25 
60 198.4 132.0 -34.5 142.0 366.2 114.9 313.6 456.1 239.60 255.54 119.56 243.51 564.69 626.70 293.89 591.27 
70 178.2 130.6 -24.7 115.9 332.7 72.4 332.5 405.0 8.41 36.70 15.99 5.47 15.30 53.14 17.21 8.77 
80 176.2 146.0 -16.1 132.6 317.1 77.8 281.0 462.1 20.90 34.66 23.11 10.28 10.87 61.78 32.44 18.57 
90 158.2 188.8 -35.4 142.6 337.8 130.9 313.9 555.5 23.95 36.85 30.36 11.15 14.84 61.48 44.69 25.83 
100 170.7 192.9 -15.5 152.4 340.5 162.0 337.2 632.0 58.16 10.66 48.07 49.67 136.79 113.54 216.60 97.08 
110 148.9 225.4 -22.1 164.9 315.8 154.9 300.0 642.9 35.59 22.28 15.23 44.50 47.71 22.13 24.28 58.83 
120 148.0 244.7 -24.6 184.5 303.4 188.1 252.6 714.8 90.92 139.10 161.87 103.65 138.88 346.10 346.61 270.24 
130 169.4 243.6 19.5 194.4 343.5 140.3 341.6 716.6 29.52 15.60 23.66 16.02 37.50 12.12 31.28 23.24 
140 161.5 276.9 11.1 226.0 363.7 193.6 313.6 843.1 29.46 15.01 14.00 20.49 42.10 8.10 35.74 15.51 
150 181.4 294.7 48.5 245.0 399.2 171.0 398.8 872.7 18.97 20.43 23.42 15.37 13.48 37.19 26.74 34.13 
160 162.5 329.5 7.6 245.8 352.8 262.7 246.5 1009.5 14.18 27.99 48.63 12.93 24.53 33.54 57.90 42.41 
170 150.1 343.0 20.9 276.2 353.2 224.1 306.2 1008.6 14.47 19.24 20.97 44.01 21.47 17.46 14.58 57.03 
180 768.1 264.5 722.5 180.8 528.2 -160.1 506.5 593.5 4031.37 2817.29 5347.76 2354.82 1566.79 2858.05 1868.60 3410.99
190 173.3 363.0 84.4 287.5 406.3 212.4 416.5 1059.6 12.83 19.82 34.10 22.97 14.60 20.44 33.04 43.63 
200 146.0 298.5 241.5 98.3 437.7 250.1 443.5 1274.8 145.11 464.01 553.35 678.65 493.64 72.70 539.31 719.03 
210 152.4 415.5 92.3 335.9 399.5 269.3 383.9 1179.0 12.65 8.81 8.04 15.38 14.31 15.06 14.02 35.47 
220 166.8 440.5 107.3 351.4 411.5 267.1 392.7 1205.4 20.37 8.71 31.93 17.31 13.55 18.82 30.31 24.63 
230 153.9 475.9 93.6 376.0 395.2 370.6 334.8 1406.2 10.43 32.19 30.02 72.28 24.46 35.26 13.71 96.28 
240 163.0 485.6 128.6 360.6 465.7 312.2 516.0 1356.9 29.52 31.08 55.11 60.63 50.73 42.04 110.78 51.25 
250 165.2 514.6 137.2 396.7 454.3 300.1 541.7 1418.4 20.65 18.49 47.12 19.76 10.93 26.16 39.84 45.24 
260 149.3 538.6 138.8 404.2 403.6 337.9 485.5 1515.9 12.33 22.20 15.53 39.75 24.20 11.71 39.54 40.05 
270 157.5 592.2 159.3 453.7 419.1 335.1 618.4 1521.3 20.42 34.36 16.16 35.57 10.97 34.76 13.41 43.57 
280 197.0 630.8 218.1 467.0 143.6 554.8 66.5 1973.6 47.32 16.25 44.65 14.31 30.75 15.27 48.75 26.90 
290 218.2 753.0 213.1 582.7 314.3 520.1 739.5 1786.5 59.29 47.73 74.34 34.10 47.76 58.83 41.33 107.65 
300 316.2 799.8 359.7 628.4 216.8 628.6 917.8 1779.7 99.29 79.55 101.46 76.95 295.50 135.13 237.44 193.29 
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Table 45. Dynamic stiffness real and imaginary parts at 8000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 30.9 14.7 -52.8 1.8 155.4 12.0 84.8 46.6 3.71 4.53 3.48 3.45 12.85 5.51 8.45 7.12 
30 29.7 21.8 -50.7 -1.6 157.4 14.6 86.9 64.7 3.65 4.39 2.66 1.95 6.99 4.96 5.48 3.46 
40 24.7 32.6 -51.7 -5.2 156.2 17.6 84.1 84.9 3.37 4.32 3.08 1.56 7.74 2.41 6.03 5.51 
50 22.9 41.3 -50.9 -5.4 155.0 20.1 79.5 104.2 3.27 4.26 2.53 1.13 8.63 4.01 6.62 7.62 
60 27.6 51.4 -49.5 2.2 148.0 30.8 58.0 133.3 26.60 19.10 21.37 18.82 51.14 57.04 32.60 52.05 
70 16.6 56.0 -49.8 -9.1 159.6 39.8 58.8 159.7 4.95 7.24 4.45 3.51 5.80 2.19 2.86 5.49 
80 14.3 65.7 -54.8 -6.5 157.0 33.8 61.8 175.0 4.43 5.37 3.14 3.30 9.25 3.82 3.07 13.59 
90 10.2 74.7 -51.7 -6.7 152.7 38.4 50.0 190.3 4.07 9.09 5.00 3.75 5.73 4.66 2.43 13.64 
100 6.6 84.0 -51.3 -4.6 154.9 43.7 42.9 217.7 6.13 7.69 3.73 5.42 9.15 5.00 3.97 19.47 
110 -0.5 94.8 -50.4 -5.3 151.1 50.3 34.8 240.3 7.01 8.07 3.57 7.33 10.64 7.46 7.09 24.63 
120 -1.7 101.8 -41.8 -1.3 154.3 54.4 40.3 260.2 26.43 21.80 15.73 24.82 77.40 49.81 68.72 68.54 
130 1.6 108.5 -33.5 -2.4 148.5 42.3 16.2 278.7 8.99 6.80 8.46 6.26 15.31 7.07 5.70 33.50 
140 -9.4 121.4 -43.7 -5.0 155.6 67.6 -1.2 311.5 8.54 12.61 3.96 5.50 12.55 7.77 6.57 29.47 
150 -11.5 131.2 -43.1 2.2 159.4 71.5 11.9 339.8 2.83 9.35 3.25 4.74 11.61 7.01 3.40 33.72 
160 -17.4 139.2 -44.7 -4.9 149.2 78.0 -7.5 347.5 4.39 11.53 5.02 6.65 9.85 5.09 5.00 29.53 
170 -27.0 146.5 -44.2 -3.9 145.2 73.3 -9.1 371.2 5.75 14.38 6.83 8.28 11.77 8.17 4.63 34.25 
180 -165.9 702.6 -333.0 184.1 238.3 182.4 -24.3 482.4 1453.75 1390.08 862.47 715.52 194.20 409.10 191.92 178.66 
190 -35.5 164.7 -42.1 0.6 155.0 84.4 -23.9 422.6 5.67 10.39 7.70 9.04 11.61 5.82 8.51 36.16 
200 -46.2 174.1 -48.8 -9.2 144.4 93.9 -51.6 437.7 5.38 12.69 4.62 5.62 14.60 5.74 5.84 36.50 
210 -55.5 186.2 -61.3 11.8 154.2 113.1 -65.5 505.2 3.78 12.85 3.05 4.58 15.14 6.61 5.86 41.40 
220 -59.0 204.7 -55.8 26.9 157.5 124.5 -74.3 570.1 1.48 9.83 4.41 4.50 11.24 5.00 8.99 42.09 
230 -69.9 218.7 -68.4 -3.1 151.1 148.8 -117.6 594.4 1.71 12.56 3.70 3.22 11.14 10.17 11.11 46.14 
240 -63.2 239.5 -35.5 27.7 153.9 147.5 -45.1 634.1 4.66 10.73 6.67 13.06 17.05 13.18 22.42 52.72 
250 -70.2 269.6 -42.2 72.9 177.4 139.1 2.0 761.9 4.59 12.60 8.39 14.08 18.11 7.97 8.28 50.14 
260 -55.2 303.5 -28.2 41.2 124.6 176.2 -21.5 782.8 14.73 20.90 6.69 16.52 28.95 21.83 10.81 50.95 
270 10.5 305.3 19.5 99.4 312.3 164.2 332.0 1073.7 25.18 58.44 71.30 142.06 111.25 45.69 256.56 161.02 
280 -31.1 282.0 -3.5 57.0 252.8 103.8 349.2 1056.9 21.01 23.79 9.84 19.46 14.02 14.79 29.79 60.93 
290 66.0 306.4 41.2 82.2 366.8 179.3 801.2 1283.9 71.08 67.00 35.08 44.56 61.81 55.18 65.57 98.01 
300 -14.2 240.2 10.6 -2.2 551.1 -210.9 1525.4 1031.5 86.22 84.70 108.81 41.11 121.67 169.06 48.40 227.44 
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Table 46.  Dynamic stiffness real and imaginary parts at 8000 rpm and 345 kPa (MN/m)  
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 49.4 18.0 -48.4 -2.9 167.9 7.8 89.1 40.3 3.80 3.79 9.80 3.20 17.42 9.67 18.53 4.01 
30 49.4 30.5 -49.9 3.6 168.2 17.1 84.4 65.6 5.38 4.92 9.82 2.06 17.62 6.01 11.68 8.41 
40 48.7 38.0 -49.6 3.0 168.1 20.2 81.8 87.7 5.99 5.59 10.15 2.60 17.65 7.10 11.59 11.12 
50 48.7 46.5 -48.7 7.0 167.3 25.3 77.5 111.2 6.07 7.14 9.27 3.31 17.99 8.04 8.79 15.69 
60 52.6 60.1 -48.8 8.4 161.7 35.9 77.4 131.2 28.00 35.92 40.73 24.16 45.82 68.83 55.87 48.01 
70 47.1 64.9 -46.7 12.4 164.6 36.5 65.8 151.5 5.15 10.27 10.00 4.23 15.42 5.97 6.79 20.18 
80 39.0 75.2 -47.3 6.2 144.6 63.9 20.1 216.4 3.95 10.86 8.17 4.31 15.79 8.83 7.47 25.28 
90 36.3 83.3 -49.1 11.0 165.7 50.9 53.9 203.8 4.60 12.55 9.33 6.15 17.02 6.86 1.14 31.19 
100 30.6 97.5 -51.1 13.4 168.3 59.5 47.5 228.7 5.40 17.38 10.49 10.33 18.76 14.74 7.74 42.43 
110 27.3 104.3 -44.5 15.9 157.9 62.2 40.5 242.8 4.90 15.19 5.59 10.35 19.40 7.11 4.32 45.06 
120 33.5 116.0 -40.1 25.3 167.5 55.9 41.6 266.6 47.87 48.54 44.07 44.29 110.05 121.18 128.79 119.71 
130 18.5 126.4 -35.8 12.1 165.7 57.1 20.3 284.5 4.81 22.18 3.74 6.38 28.31 11.73 10.32 60.98 
140 13.0 135.2 -43.8 22.5 155.2 89.5 1.2 312.2 3.47 19.15 4.66 9.15 20.59 9.97 6.43 60.68 
150 17.2 151.2 -41.7 39.1 161.1 83.4 11.7 329.3 3.23 21.26 4.55 8.62 18.79 9.82 7.17 62.28 
160 7.3 155.8 -36.6 21.8 168.9 123.7 -1.4 394.1 4.10 23.87 4.98 8.68 17.74 11.72 7.30 63.94 
170 3.8 170.1 -47.9 38.6 155.9 105.6 -12.6 389.9 4.99 21.80 8.99 10.20 18.00 10.84 6.55 67.36 
180 -104.8 69.9 -100.1 19.4 120.0 118.1 -25.1 417.7 1162.5 639.36 649.78 664.27 179.80 326.42 218.94 148.58 
190 -9.1 196.1 -37.7 48.4 169.9 113.8 -7.0 430.5 9.18 27.84 7.88 15.81 27.57 14.11 10.18 79.89 
200 -10.8 208.9 -37.7 54.4 156.7 117.0 -23.8 428.3 8.33 29.33 6.09 16.26 28.18 9.66 13.90 76.65 
210 -11.6 224.4 -39.3 78.1 155.6 130.9 -43.0 464.1 3.81 25.19 5.47 10.62 23.36 6.71 10.35 72.01 
220 14.1 271.9 -13.1 124.9 109.4 135.2 -108.5 457.0 10.33 36.23 8.18 21.76 13.45 6.40 12.22 68.77 
230 30.0 222.9 59.3 88.9 316.1 133.3 156.5 652.3 9.24 34.33 11.87 22.22 38.44 21.67 24.88 103.51 
240 59.5 264.6 53.9 114.5 294.8 140.0 88.9 635.2 14.02 35.49 18.29 24.02 49.70 27.91 44.35 111.95 
250 41.1 220.4 71.9 70.6 269.2 96.3 83.9 635.8 10.96 26.99 22.93 18.25 50.25 6.01 40.18 102.55 
260 -15.0 218.0 17.3 33.5 236.8 80.6 61.3 676.7 6.35 29.48 11.28 11.73 29.28 18.15 16.52 88.25 
270 18.0 242.6 43.3 65.9 227.3 126.1 100.2 729.2 9.86 25.70 18.33 8.73 20.78 15.62 35.66 114.13 
280 -20.0 230.8 44.6 21.8 371.7 47.4 347.0 991.9 5.01 29.85 8.86 7.59 38.07 11.07 56.15 139.40 
290 -17.4 249.0 34.4 32.9 200.2 46.9 266.5 724.2 3.79 33.70 9.21 15.33 16.21 33.89 71.30 65.84 
300 -46.5 290.3 24.8 45.4 514.4 205.9 360.7 1429.5 61.76 60.00 90.17 75.14 45.99 39.45 64.49 127.48 
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Table 47. Dynamic stiffness real and imaginary parts at 8000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 103.7 18.8 -53.7 8.7 206.7 2.7 110.1 46.1 4.28 3.60 6.78 2.51 11.36 3.14 9.45 2.50 
30 93.0 33.1 -52.5 13.7 201.7 5.2 114.7 71.7 3.08 1.77 1.74 0.96 12.18 2.69 6.18 2.76 
40 92.4 45.0 -53.8 17.4 196.8 16.5 107.0 100.2 2.43 2.80 3.68 2.13 12.50 1.50 6.70 3.98 
50 88.9 54.0 -51.9 22.7 195.2 20.5 106.5 129.7 1.89 5.05 3.41 1.40 10.88 2.88 4.72 5.80 
60 100.8 52.9 -46.9 34.1 222.8 17.9 111.2 170.3 69.81 49.70 46.33 49.93 159.14 91.38 72.76 122.07 
70 87.2 78.9 -52.5 33.2 196.5 42.8 96.8 179.5 3.54 3.83 4.40 2.99 6.86 4.39 5.60 7.26 
80 76.6 90.2 -52.6 32.2 181.8 57.1 75.2 213.6 2.46 4.69 1.92 1.43 10.57 3.80 2.75 4.91 
90 82.6 107.6 -56.7 42.5 201.2 48.3 94.7 240.4 1.80 10.22 5.69 1.83 23.19 4.01 4.16 15.30 
100 78.3 123.4 -59.2 50.9 194.8 58.6 93.8 265.5 4.79 8.56 6.11 5.62 13.53 7.44 9.33 16.07 
110 74.1 136.8 -57.6 57.3 186.3 61.8 98.3 285.6 2.65 8.24 6.08 2.73 20.08 3.34 10.96 23.93 
120 62.4 154.8 -63.2 55.9 170.4 101.2 55.2 304.0 32.28 67.93 63.30 46.69 99.23 123.53 107.23 135.30 
130 70.6 144.5 -41.3 54.0 176.2 66.9 71.9 331.4 3.14 7.54 3.95 5.57 15.65 8.66 13.53 22.99 
140 67.7 162.3 -50.9 67.4 161.4 91.8 42.4 353.7 5.31 8.54 3.87 6.69 12.41 4.15 7.05 22.49 
150 69.5 180.9 -44.0 90.3 183.6 106.1 68.3 398.4 3.21 9.04 4.43 4.52 10.37 6.47 5.70 20.86 
160 60.8 186.9 -46.0 74.0 158.2 121.3 46.1 409.7 4.63 7.86 5.25 6.05 14.20 3.95 5.15 32.45 
170 52.8 201.9 -49.6 90.9 164.3 119.6 42.2 436.9 5.12 10.15 5.98 8.37 12.74 6.56 7.66 21.37 
180 -68.3 81.7 -64.6 -56.2 104.4 136.3 -5.2 428.0 1305.63 1088.28 654.88 1052.86 451.97 331.21 378.29 169.89 
190 42.8 228.6 -42.2 104.3 175.9 130.2 61.7 485.3 5.21 9.24 6.51 7.13 12.63 6.13 7.01 31.30 
200 39.1 241.2 -47.7 103.5 153.7 136.9 29.9 474.6 4.65 12.92 4.26 7.04 12.22 2.93 5.69 28.82 
210 27.2 260.3 -56.9 125.0 156.5 167.2 24.1 543.9 4.05 10.93 3.98 5.43 12.90 4.66 9.06 24.91 
220 25.8 290.3 -58.1 142.2 142.4 160.9 8.8 531.5 3.09 12.42 4.79 5.38 10.03 4.40 4.61 24.85 
230 23.0 298.9 -55.5 140.7 142.3 228.2 -3.5 650.1 3.73 10.15 5.61 3.39 8.79 3.45 4.69 30.91 
240 18.6 329.4 -53.8 165.6 176.2 225.1 56.8 679.7 6.35 13.73 16.27 13.39 18.58 16.22 30.09 41.10 
250 35.5 382.6 -51.7 216.3 143.1 218.2 9.6 689.2 4.33 14.18 3.00 6.30 15.04 11.76 10.34 51.30 
260 67.7 373.9 -1.8 207.2 151.7 268.2 48.3 791.3 9.06 14.04 9.46 5.06 25.54 13.61 24.60 45.88 
270 63.7 432.4 -3.9 248.3 201.8 330.8 118.6 863.5 87.03 77.48 85.14 94.20 69.92 63.66 77.93 68.17 
280 218.3 195.3 122.0 91.3 589.1 402.9 366.7 1114.3 18.44 15.77 11.82 15.22 53.98 26.38 30.53 45.09 
290 132.4 256.7 59.1 121.3 387.4 235.2 390.4 913.5 9.23 20.81 6.49 8.43 19.83 13.10 22.43 37.60 
300 97.0 308.9 24.6 144.7 418.2 264.6 501.9 950.7 58.52 73.01 74.08 67.01 37.76 46.29 37.17 59.50 
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Table 48. Dynamic stiffness real and imaginary parts at 8000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 164.1 21.0 -72.1 19.6 288.5 -18.9 181.1 58.4 9.87 13.10 8.55 7.15 34.85 38.06 20.63 16.75 
30 142.7 49.9 -69.7 24.8 272.8 -9.3 192.2 95.6 9.75 17.12 8.60 4.12 15.71 16.87 21.61 10.21 
40 140.9 73.7 -73.4 33.4 255.7 26.9 170.6 136.4 14.61 19.91 8.95 8.32 12.34 9.15 13.42 6.68 
50 137.8 89.2 -70.4 44.4 255.6 39.9 170.6 185.1 16.67 20.47 6.82 9.56 8.47 7.66 13.03 12.62 
60 174.1 96.1 -63.2 63.2 319.5 46.6 187.2 234.7 135.82 190.21 114.74 112.43 260.88 454.78 288.12 216.35 
70 144.4 123.7 -68.6 68.2 269.7 73.2 159.8 263.9 21.93 22.47 8.33 17.01 18.15 18.29 8.97 26.22 
80 144.9 138.0 -57.5 83.5 245.6 79.7 110.7 297.2 21.67 27.75 4.84 22.18 23.19 24.19 8.37 31.28 
90 142.6 162.1 -67.6 90.3 282.7 109.9 149.8 366.1 18.68 22.29 3.99 18.93 27.63 27.04 12.34 43.03 
100 140.3 179.1 -65.0 98.9 282.6 127.0 137.7 405.4 23.34 25.69 7.24 19.29 30.41 41.67 10.38 50.99 
110 141.4 196.0 -59.2 113.6 286.8 130.6 146.7 447.6 19.78 28.53 5.71 17.11 35.10 31.85 13.24 52.94 
120 127.9 167.3 -41.5 92.5 236.3 65.3 139.6 425.0 87.03 88.99 121.61 62.55 159.52 224.39 268.09 136.41 
130 138.5 172.5 -14.2 76.9 263.4 146.6 97.9 557.4 22.97 11.25 21.92 12.49 41.46 25.92 24.46 89.05 
140 127.1 223.9 -43.4 127.8 278.6 156.6 120.0 576.9 14.13 37.53 12.58 30.60 44.59 33.89 21.62 79.25 
150 133.6 251.7 -29.6 157.8 306.2 153.5 179.6 613.2 17.93 35.26 9.44 27.88 38.73 6.70 33.35 70.76 
160 118.7 267.5 -44.5 138.8 265.5 187.3 125.2 637.0 14.29 44.87 7.77 25.13 25.83 13.24 23.63 72.38 
170 109.9 293.5 -47.0 166.9 265.0 184.7 120.5 664.8 16.86 42.55 11.25 31.96 26.03 12.01 20.18 72.27 
180 843.3 408.2 323.9 428.0 495.4 -80.8 316.2 595.5 2137.2 1379.4 2172.6 1317.3 434.43 1190.9 927.92 832.50 
190 112.4 318.0 -23.9 189.5 297.3 188.9 169.4 732.6 20.03 49.73 11.74 36.53 31.86 22.29 27.47 77.98 
200 109.2 344.1 -31.2 199.0 271.7 210.9 113.9 734.1 22.37 45.60 12.29 35.07 28.58 28.46 14.96 85.93 
210 102.9 362.6 -23.4 229.4 293.9 237.3 142.4 828.9 25.64 51.11 15.60 47.72 44.74 21.64 37.78 95.91 
220 104.1 380.4 -14.7 237.1 284.2 226.2 131.2 813.1 27.39 47.17 23.35 41.14 40.71 19.01 33.10 88.13 
230 98.7 395.4 -18.9 238.3 276.2 300.7 97.9 962.3 24.88 50.18 18.76 43.48 42.15 32.78 25.38 115.07 
240 93.6 416.0 -8.1 260.4 318.7 284.7 195.6 991.5 40.74 51.94 47.39 62.72 72.24 42.47 100.60 136.21 
250 83.0 451.9 -18.7 288.0 317.3 280.0 192.6 1025.5 17.51 55.07 14.49 45.76 50.82 31.80 41.84 116.93 
260 74.3 469.3 2.6 307.2 282.3 285.6 170.1 1087.1 20.28 53.26 35.79 56.76 64.81 15.39 44.25 125.68 
270 53.8 526.2 -36.2 366.5 230.5 309.6 164.8 1099.0 63.32 53.18 192.55 50.94 84.00 68.64 100.27 306.36 
280 88.9 627.4 7.9 387.0 -77.0 570.7 -158.3 1489.7 32.37 48.94 37.46 45.94 21.04 49.84 30.95 162.13 
290 378.1 776.8 188.8 571.3 327.5 919.4 340.7 1726.9 27.84 55.85 38.00 52.62 72.46 100.04 75.80 212.93 
300 512.6 569.8 361.1 440.3 725.3 805.3 840.4 1658.4 428.30 222.39 411.57 231.06 253.67 324.39 269.75 336.69 
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Table 49. Dynamic stiffness real and imaginary parts at 8000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 204.6 44.2 -101.8 45.6 283.6 59.2 184.2 126.0 28.22 53.79 6.89 30.84 17.61 49.62 28.43 21.19 
30 168.5 52.3 -78.9 26.6 312.8 10.0 253.2 115.4 10.10 9.16 6.44 13.91 9.44 6.33 5.02 8.76 
40 161.7 84.5 -90.4 42.2 293.6 51.4 223.2 174.0 9.73 14.28 4.91 8.93 13.49 9.42 5.56 7.02 
50 154.4 87.2 -79.4 56.3 297.3 50.7 237.6 223.4 9.27 8.25 5.77 3.45 6.31 5.84 5.20 4.37 
60 164.1 92.1 -74.5 78.2 289.2 32.0 241.2 261.8 73.40 142.59 125.92 76.48 207.12 358.99 313.03 212.58 
70 163.2 130.6 -79.3 88.5 312.6 72.4 237.0 304.3 10.46 9.58 5.78 3.25 9.50 8.19 5.72 7.84 
80 160.6 137.1 -62.5 92.4 295.5 76.0 206.2 350.2 15.82 12.68 10.19 8.62 11.14 7.15 10.85 9.22 
90 163.7 162.1 -68.9 104.9 321.9 105.1 237.8 414.2 9.30 12.24 8.78 9.66 9.62 7.04 10.48 13.95 
100 162.7 186.5 -68.4 119.9 320.0 120.9 230.7 454.6 11.75 10.19 5.75 8.20 8.37 9.21 8.58 11.62 
110 167.9 212.0 -60.5 138.3 312.1 128.7 233.8 479.6 14.54 15.20 7.53 14.43 12.88 7.77 5.61 16.54 
120 187.7 220.0 -49.9 164.2 366.9 113.2 251.4 561.3 83.01 19.93 76.43 74.50 168.03 87.48 189.85 133.91 
130 170.2 197.6 -22.8 132.4 305.0 142.2 223.1 573.1 9.29 12.05 17.38 9.28 15.68 27.23 27.82 42.68 
140 164.1 249.2 -42.5 169.4 300.7 171.0 199.6 635.9 6.95 13.73 7.41 11.37 24.59 7.52 16.09 19.23 
150 168.5 271.3 -22.7 194.1 352.2 164.4 263.6 668.5 3.70 7.73 4.90 8.48 5.19 6.48 8.59 14.86 
160 148.4 272.9 -38.5 155.0 314.3 211.4 184.6 725.8 8.51 14.09 9.72 13.88 7.92 7.53 8.93 18.67 
170 141.1 308.5 -40.3 202.3 312.6 201.3 203.4 744.6 10.70 15.38 7.60 13.15 9.96 7.07 10.03 18.65 
180 -1002.7 44.0 -641.3 -614.2 -137.7 686.4 -368.9 834.7 8084.56 3186.58 4143.98 5754.87 3492.89 3443.73 3891.38 957.02 
190 152.9 334.4 -3.1 221.3 361.6 205.2 267.6 814.8 6.45 14.53 11.69 10.11 7.66 9.53 7.30 24.06 
200 137.2 345.1 -16.9 215.9 329.8 216.1 210.2 807.8 7.22 17.79 4.66 17.79 4.76 9.30 7.65 26.49 
210 138.3 387.9 -2.9 269.7 345.9 252.7 231.8 893.1 12.77 12.18 11.13 14.98 13.20 9.14 9.23 33.28 
220 147.8 399.1 4.9 269.8 361.5 254.5 232.2 922.3 5.60 20.05 6.25 17.67 4.48 7.27 8.33 18.98 
230 130.9 423.9 -5.7 263.7 336.1 321.7 189.2 1040.4 10.68 10.25 6.44 14.20 8.80 7.51 10.26 32.33 
240 142.5 441.7 22.2 297.8 412.3 282.1 342.7 1065.3 8.75 17.90 15.74 15.85 21.58 26.89 33.55 36.50 
250 140.5 482.7 14.8 340.1 396.8 288.9 337.4 1119.6 5.81 18.14 7.77 13.35 12.73 4.85 12.21 24.14 
260 123.5 495.2 13.8 330.7 349.8 308.1 286.2 1176.0 9.51 29.50 13.14 21.68 14.23 18.06 16.20 17.99 
270 126.1 544.2 30.4 417.7 354.1 295.8 336.5 1198.7 77.07 38.51 140.22 157.09 47.49 81.21 171.19 164.04 
280 152.1 568.9 76.4 371.5 139.8 443.5 6.8 1461.6 15.16 19.78 20.24 19.65 14.58 5.55 22.01 34.47 
290 162.4 683.6 40.7 480.5 244.7 458.0 424.8 1389.1 10.32 16.28 13.91 16.67 10.06 17.08 14.40 46.87 
300 275.7 764.8 144.5 582.5 249.1 607.6 557.3 1502.9 32.86 37.49 29.43 38.60 31.99 23.25 38.78 50.78 
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Table 50. Dynamic stiffness real and imaginary parts at 10000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 31.7 16.2 -50.1 2.9 192.1 10.6 98.2 45.6 5.94 4.06 3.43 2.35 11.75 5.02 7.49 4.27 
30 29.5 17.2 -44.9 -6.7 189.6 2.9 106.0 53.5 3.50 2.36 2.51 1.29 8.55 18.95 15.40 11.42 
40 25.4 28.9 -46.3 -8.6 190.6 11.5 105.2 75.3 4.39 2.45 2.12 1.79 8.02 10.97 12.55 6.25 
50 23.1 37.1 -46.2 -9.4 186.0 12.4 102.3 90.1 2.69 2.56 2.63 3.62 7.58 12.38 14.86 4.14 
60 25.4 49.5 -53.3 -6.0 167.0 18.6 81.4 97.2 32.78 26.30 11.32 32.95 36.86 78.41 64.79 37.87 
70 20.6 51.1 -45.9 -14.2 187.3 34.0 85.3 133.8 2.40 2.78 2.62 3.24 7.72 14.15 15.94 5.01 
80 20.1 62.1 -51.6 -8.9 187.8 26.7 95.1 150.4 1.56 3.98 3.39 6.16 10.75 19.82 24.69 5.59 
90 17.0 67.0 -47.9 -13.7 183.6 32.9 82.7 160.9 2.72 3.00 2.04 4.32 8.29 20.86 22.58 5.23 
100 13.5 73.8 -48.0 -13.7 185.4 35.4 79.6 182.0 2.45 4.86 3.17 4.38 8.95 19.91 25.17 6.29 
110 8.0 80.3 -46.1 -14.6 177.5 41.0 70.3 195.7 2.75 3.96 2.85 4.70 9.88 20.71 23.11 8.33 
120 4.2 93.7 -53.2 -14.1 195.2 54.4 56.8 231.7 17.83 19.00 18.46 19.30 74.28 60.99 72.97 89.80 
130 7.9 95.0 -44.0 -10.8 169.6 38.5 59.2 228.4 8.47 4.54 3.34 6.72 19.18 30.86 25.86 24.63 
140 -0.4 108.1 -52.7 -8.6 168.4 45.6 57.9 249.6 8.99 7.34 12.03 9.22 13.96 40.40 48.85 18.87 
150 1.6 117.3 -47.1 -2.8 166.2 51.8 47.0 261.0 17.10 6.05 4.80 17.53 22.22 43.00 41.53 36.52 
160 -9.1 124.0 -48.4 -14.8 166.0 66.1 20.5 285.8 8.69 6.00 13.95 6.26 13.05 29.73 32.35 15.47 
170 -17.4 127.3 -29.4 -13.7 158.3 60.3 16.4 278.4 9.46 12.87 23.38 6.65 23.75 36.01 43.43 19.59 
180 -159.0 596.4 -422.7 -64.7 244.2 156.6 -36.0 403.7 572.90 721.36 411.49 487.36 202.36 132.82 139.16 108.94 
190 -16.7 143.7 -41.5 -0.9 157.2 73.6 14.1 339.1 14.00 6.67 10.93 9.49 35.21 35.95 37.54 39.11 
200 -28.3 157.5 -54.3 -9.1 156.1 87.7 -11.5 372.4 13.02 5.55 10.11 4.77 26.04 28.42 28.20 17.28 
210 -37.7 167.8 -64.2 9.5 157.9 93.9 -6.5 410.1 18.22 4.40 13.04 18.33 37.77 40.18 59.81 37.80 
220 -38.4 189.0 -59.6 22.0 158.9 115.2 -19.0 471.7 19.99 4.90 8.02 19.71 40.09 35.99 55.08 41.63 
230 -48.9 200.1 -74.2 -2.7 160.9 137.0 -44.8 517.3 17.05 6.59 17.42 10.45 43.00 31.63 50.55 25.78 
240 -35.8 223.4 -39.3 12.1 149.0 140.2 -0.4 522.8 18.86 7.76 14.98 12.43 47.71 22.90 28.20 48.05 
250 -27.2 256.4 -31.8 60.6 170.3 121.1 79.0 634.5 25.72 9.37 17.05 17.72 65.52 24.38 68.57 68.20 
260 -8.7 286.2 -53.1 22.4 104.4 197.4 40.4 668.7 27.45 8.93 22.68 17.86 57.79 17.19 53.87 60.36 
270 97.6 233.8 43.3 72.6 408.4 143.8 440.8 967.2 31.47 21.86 25.58 24.28 102.26 52.20 92.43 154.96 
280 15.4 235.6 -26.4 40.1 276.4 82.5 470.6 945.4 26.13 22.79 17.76 13.67 126.20 30.47 90.55 133.98 
290 49.2 214.5 -16.2 30.5 369.1 38.6 1076.8 939.1 19.01 26.46 20.49 19.78 157.65 121.68 179.12 253.37 
300 -11.1 245.0 -32.7 58.5 309.4 -382.2 1673.6 433.7 64.85 37.97 98.54 83.84 164.90 204.68 192.52 432.78 
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Table 51. Dynamic stiffness real and imaginary parts at 10000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 118.0 3.2 -51.6 -0.6 239.6 3.2 118.4 44.5 11.93 4.81 17.60 0.87 20.04 4.15 13.03 4.71 
30 107.8 27.4 -53.0 10.4 248.2 -1.3 131.4 65.3 5.02 3.04 12.47 5.12 21.71 6.75 14.29 7.85 
40 105.4 36.1 -53.6 10.2 239.0 2.5 123.8 87.3 7.07 4.55 14.46 3.91 23.17 8.19 12.81 12.52 
50 100.7 43.3 -51.4 15.1 234.4 2.3 124.3 109.1 7.66 5.25 13.28 2.87 25.59 5.17 13.17 14.64 
60 113.8 49.2 -52.3 24.7 252.9 12.7 121.8 141.8 107.17 61.47 55.97 43.10 179.18 126.01 87.18 92.09 
70 100.2 67.9 -53.7 23.4 232.6 12.1 120.0 151.2 5.17 7.47 13.61 3.54 23.04 8.18 8.74 20.16 
80 91.2 75.1 -51.7 22.5 210.7 30.2 99.2 181.7 3.57 9.20 14.68 2.49 32.88 15.42 14.80 32.43 
90 91.5 87.9 -56.7 26.4 227.7 29.1 114.7 203.1 4.50 8.79 13.88 4.98 31.53 10.43 11.35 28.46 
100 83.4 97.3 -56.0 27.4 220.6 28.7 112.9 214.9 3.23 12.00 15.88 3.19 34.49 7.74 14.88 31.56 
110 77.4 111.9 -60.3 31.2 209.5 32.9 108.4 229.7 5.74 9.17 15.41 4.88 36.42 7.90 8.75 35.07 
120 71.9 116.4 -61.1 34.7 194.5 30.4 90.4 248.7 36.03 32.71 38.63 26.63 75.79 99.42 86.71 83.16 
130 69.8 128.6 -55.1 43.9 192.6 36.5 88.7 269.1 4.37 13.20 13.69 2.33 33.96 4.92 5.41 41.59 
140 59.0 144.1 -60.7 50.9 179.8 58.1 68.2 290.1 3.88 18.39 17.28 6.63 37.48 7.24 13.05 48.71 
150 67.8 159.7 -55.1 65.9 183.7 76.2 62.3 325.0 3.08 13.89 8.58 8.01 30.10 10.25 9.54 40.65 
160 62.0 165.8 -52.7 51.8 178.4 96.2 56.3 364.4 10.40 20.37 18.05 7.95 45.24 7.83 15.56 74.35 
170 61.0 194.2 -55.3 65.6 194.0 85.5 44.4 371.3 8.94 21.61 15.60 9.19 48.11 19.84 9.81 80.81 
180 97.7 315.2 -119.3 190.1 211.8 115.2 73.8 433.4 664.69 973.51 672.54 793.80 274.29 145.19 179.27 242.98 
190 44.9 202.3 -50.1 79.1 187.4 114.2 63.1 436.5 8.22 14.18 6.45 6.82 30.71 10.06 11.16 58.45 
200 40.4 212.0 -51.2 79.2 170.1 115.3 51.2 426.2 6.10 25.05 5.79 8.81 35.34 6.95 12.60 72.86 
210 27.2 225.9 -55.3 92.2 160.9 132.1 32.1 454.8 4.22 19.81 3.25 10.91 35.24 20.54 25.10 55.40 
220 20.8 254.3 -60.0 103.2 148.8 132.4 18.1 466.9 6.18 19.32 6.26 14.22 28.78 16.86 7.48 52.35 
230 22.2 267.6 -51.6 108.0 146.5 193.5 17.2 570.5 4.82 19.32 4.43 7.41 48.48 20.58 37.11 98.48 
240 14.2 299.4 -63.5 132.0 169.5 204.8 55.6 612.1 18.06 13.25 21.61 15.78 46.96 45.03 42.46 63.96 
250 18.4 342.7 -68.4 161.8 170.1 207.6 63.9 632.3 6.11 15.97 6.77 6.66 39.99 27.22 34.65 72.84 
260 65.5 352.8 -16.5 174.3 176.0 222.3 88.1 686.4 5.80 17.03 10.24 1.95 27.00 43.74 32.18 69.58 
270 110.4 395.1 1.4 200.1 165.2 285.0 110.0 728.6 7.07 14.10 11.66 4.48 18.33 35.34 26.32 76.65 
280 218.9 243.6 89.9 112.3 524.9 431.1 321.9 1027.3 5.39 19.43 7.72 9.63 32.89 47.33 78.31 117.01 
290 126.0 246.9 41.9 103.2 376.1 197.1 390.9 789.8 9.98 20.93 11.43 9.12 28.44 18.11 52.74 113.83 
300 99.2 289.7 15.9 123.8 372.2 224.0 478.5 801.3 56.15 107.94 100.35 178.73 80.92 69.58 222.87 166.79 
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Table 52. Dynamic stiffness real and imaginary parts at 10000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 117.99 3.16 -51.62 -0.63 239.64 3.17 118.39 44.48 12.31 6.52 8.41 4.36 14.04 6.85 10.73 2.89 
30 107.80 27.44 -52.97 10.36 248.20 -1.30 131.35 65.34 3.30 2.24 3.36 2.57 9.61 7.11 6.83 5.15 
40 105.43 36.08 -53.63 10.21 239.01 2.47 123.85 87.30 5.43 2.84 4.94 2.30 11.68 2.77 8.43 3.32 
50 100.67 43.27 -51.43 15.05 234.42 2.32 124.29 109.12 4.73 2.73 5.06 1.56 9.03 2.77 6.02 2.80 
60 113.83 49.18 -52.34 24.74 252.88 12.66 121.82 141.75 82.23 80.66 39.63 42.62 168.56 147.47 87.46 68.30 
70 100.21 67.89 -53.65 23.43 232.62 12.06 119.95 151.19 6.87 4.85 6.62 3.06 9.06 4.31 7.06 4.90 
80 91.17 75.14 -51.68 22.45 210.75 30.20 99.19 181.72 3.13 4.44 5.74 1.10 7.92 2.41 3.15 5.06 
90 91.48 87.91 -56.73 26.41 227.66 29.09 114.68 203.13 3.22 5.87 6.24 1.60 8.23 4.04 5.23 7.26 
100 83.36 97.27 -55.96 27.45 220.57 28.72 112.87 214.85 3.61 7.45 8.08 2.85 12.97 4.88 5.18 12.98 
110 77.43 111.93 -60.28 31.22 209.52 32.90 108.45 229.73 6.53 6.72 8.62 4.04 11.55 5.97 7.75 10.24 
120 71.87 116.43 -61.11 34.66 194.53 30.44 90.42 248.70 32.73 38.10 24.50 27.38 111.82 72.37 59.71 69.92 
130 69.83 128.65 -55.10 43.91 192.58 36.54 88.68 269.13 2.13 5.99 6.87 4.46 9.70 6.18 9.84 14.92 
140 59.03 144.05 -60.75 50.86 179.85 58.08 68.24 290.08 2.51 7.74 8.40 5.45 8.50 4.26 5.10 13.73 
150 67.78 159.72 -55.13 65.94 183.75 76.24 62.34 325.01 5.73 8.48 4.06 8.67 8.77 6.57 7.60 17.59 
160 61.96 165.83 -52.66 51.85 178.36 96.16 56.33 364.36 5.05 8.86 3.70 6.51 16.85 10.82 5.76 26.55 
170 61.03 194.24 -55.26 65.59 193.97 85.52 44.39 371.31 8.87 7.98 6.14 16.27 15.18 8.26 16.35 24.34 
180 97.66 315.19 -119.27 190.14 211.79 115.17 73.80 433.44 908.68 595.05 594.13 419.16 161.75 286.92 145.75 158.00 
190 44.95 202.33 -50.05 79.10 187.36 114.19 63.14 436.47 6.89 8.60 4.87 10.78 14.30 2.65 2.64 29.82 
200 40.37 212.02 -51.23 79.21 170.10 115.29 51.19 426.23 2.96 3.92 4.71 3.71 16.33 4.20 6.88 30.12 
210 27.22 225.92 -55.33 92.15 160.94 132.11 32.06 454.77 3.33 3.70 5.26 3.99 12.24 8.16 6.95 22.14 
220 20.85 254.30 -60.02 103.22 148.78 132.43 18.10 466.91 4.21 4.47 2.74 3.56 11.97 8.51 8.54 27.13 
230 22.18 267.64 -51.57 108.03 146.51 193.47 17.17 570.51 4.75 5.77 3.43 7.41 7.49 7.89 5.58 27.64 
240 14.18 299.42 -63.48 131.99 169.48 204.80 55.55 612.08 8.24 11.51 9.28 9.14 12.21 16.19 16.66 36.49 
250 18.39 342.70 -68.43 161.80 170.10 207.59 63.88 632.32 12.57 8.74 7.53 9.54 6.74 7.60 5.21 28.43 
260 65.51 352.80 -16.55 174.33 175.96 222.30 88.11 686.39 13.14 13.24 11.34 10.50 13.45 12.02 9.81 36.10 
270 110.35 395.12 1.36 200.07 165.17 284.98 109.98 728.58 11.38 19.32 6.87 15.03 20.14 21.99 14.60 28.99 
280 218.93 243.58 89.86 112.33 524.93 431.11 321.92 1027.26 42.64 50.12 20.48 34.02 43.68 113.28 40.45 92.23 
290 125.96 246.88 41.91 103.23 376.08 197.12 390.94 789.80 16.57 12.32 14.00 4.92 23.81 21.35 31.75 51.54 
300 99.15 289.68 15.93 123.81 372.19 224.02 478.55 801.28 71.97 65.90 51.42 51.58 31.26 33.53 32.38 41.77 
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Table 53. Dynamic stiffness real and imaginary parts at 10000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 207.9 12.0 81.6 10.9 317.1 6.2 110.4 56.1 259.64 3.46 86.61 9.51 383.58 28.30 130.97 5.84 
30 142.8 30.3 68.0 14.8 269.0 2.4 162.1 73.5 22.51 24.05 6.37 11.56 35.17 46.94 5.77 21.28 
40 141.9 40.2 68.2 19.4 265.8 16.6 142.4 112.0 39.50 8.96 11.27 11.30 63.48 26.55 16.44 21.25 
50 131.7 55.1 66.1 24.0 260.3 24.3 148.0 143.9 24.14 6.99 6.83 6.47 41.07 22.32 11.34 15.70 
60 133.3 61.5 66.5 33.5 255.9 28.0 152.4 171.1 107.77 72.93 48.81 69.43 257.24 135.17 84.43 165.75 
70 129.2 84.8 64.0 35.3 269.3 43.7 150.9 196.5 15.44 21.82 4.72 10.05 22.68 48.28 18.49 16.13 
80 125.2 81.4 53.3 41.4 238.9 49.0 105.8 233.0 11.07 17.00 8.34 2.43 28.68 15.31 9.04 7.36 
90 119.6 106.7 67.0 42.6 260.5 60.4 149.2 263.0 18.62 6.96 6.83 6.98 30.04 14.51 6.46 14.14 
100 111.5 118.7 65.6 46.6 255.9 61.1 148.1 282.4 17.53 11.05 8.30 7.12 30.20 6.47 4.84 14.40 
110 110.1 131.9 63.7 52.0 241.2 62.0 145.1 290.0 15.72 11.67 8.01 7.54 24.93 19.21 13.22 17.22 
120 100.6 145.8 66.4 55.7 227.9 90.4 120.9 321.2 34.09 52.84 46.75 19.39 77.03 126.40 107.83 62.89 
130 108.5 146.3 56.6 65.2 242.7 65.0 137.5 340.3 7.76 13.15 8.79 5.28 14.63 10.29 8.20 16.89 
140 98.4 166.5 61.4 76.2 234.2 93.4 114.6 387.8 9.64 12.63 7.55 7.64 20.00 6.07 3.71 20.32 
150 104.6 185.0 55.4 88.4 252.1 100.6 136.6 420.4 9.51 10.67 6.88 5.87 14.92 7.19 3.31 18.88 
160 105.1 191.0 57.1 74.2 223.6 118.5 91.5 442.6 14.04 11.19 11.21 8.39 17.68 23.24 10.62 23.77 
170 112.0 214.9 56.5 95.7 223.3 102.6 92.5 459.3 26.64 7.52 8.78 10.77 9.55 28.98 11.32 19.59 
180 304.7 463.6 78.5 325.4 336.2 110.1 158.4 529.9 963.31 804.36 588.03 834.70 373.79 302.95 323.25 233.80 
190 83.0 231.8 50.1 109.6 244.8 143.5 116.7 526.0 13.10 11.92 7.94 10.44 19.43 8.02 5.49 29.16 
200 75.9 248.5 53.5 112.8 222.9 153.6 83.0 518.7 9.86 10.51 4.89 9.53 17.76 5.84 7.23 33.04 
210 60.2 265.2 56.0 128.0 226.4 177.7 85.3 576.2 13.85 11.82 6.51 12.17 23.09 6.93 10.93 29.78 
220 64.7 285.1 50.7 139.3 231.8 179.0 79.0 594.0 13.72 10.65 7.14 6.78 16.79 13.00 11.10 28.65 
230 57.7 297.5 52.6 135.1 218.6 223.5 73.7 675.1 12.00 14.43 4.20 9.85 21.09 5.74 10.38 33.94 
240 54.3 321.2 52.5 154.8 257.6 220.8 137.4 714.7 13.16 16.76 11.62 8.59 10.42 22.51 24.47 32.42 
250 49.8 349.7 61.3 173.8 258.8 217.3 142.9 745.1 11.95 19.78 10.16 9.61 13.41 17.42 12.26 40.50 
260 46.7 374.1 57.2 182.9 225.8 238.8 120.5 793.8 11.85 17.80 5.51 10.46 19.14 6.89 15.05 37.22 
270 32.6 412.3 69.1 211.8 211.0 252.0 159.6 819.0 9.95 18.10 5.05 10.09 14.22 19.57 15.21 26.09 
280 56.1 466.8 41.7 221.2 56.0 404.1 1.5 1053.4 19.23 16.23 5.88 9.42 18.83 21.45 10.83 31.88 
290 137.4 639.5 45.4 375.7 97.0 513.5 144.1 1028.9 40.08 36.31 25.26 27.99 30.75 34.24 14.42 33.15 
300 391.7 551.1 173.9 367.9 359.3 759.9 379.8 1261.0 95.79 211.36 81.67 151.97 139.82 148.33 96.61 138.58 
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Table 54. Dynamic stiffness real and imaginary parts at 10000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 190.7 -2.2 -70.9 15.6 284.6 19.1 194.1 78.7 4.26 6.96 6.20 2.76 14.93 8.74 6.03 6.38 
30 186.8 19.2 -67.0 22.1 329.1 -11.6 244.4 95.7 5.89 2.88 5.13 2.29 11.14 3.47 5.21 3.56 
40 167.0 46.5 -65.0 23.9 297.9 28.6 224.5 137.6 4.55 3.16 4.52 1.99 8.46 4.56 3.30 3.74 
50 155.3 59.2 -61.5 28.9 293.6 30.7 232.2 174.0 4.06 3.54 5.16 1.25 5.94 3.81 4.06 2.35 
60 207.4 92.7 -71.4 73.0 367.2 127.2 189.2 275.5 157.87 103.73 54.33 103.01 358.57 294.90 162.70 235.43 
70 163.1 83.8 -62.0 46.9 309.6 36.7 231.2 235.5 4.66 4.38 4.06 1.76 12.62 4.49 3.23 8.09 
80 165.5 87.1 -51.1 56.5 305.9 48.1 202.1 288.1 5.63 5.11 4.37 3.57 8.70 5.39 2.82 7.49 
90 153.8 114.4 -62.1 57.5 311.5 73.1 231.3 327.3 6.28 4.75 3.59 3.57 12.14 3.94 5.12 8.76 
100 145.6 123.3 -59.4 63.0 306.5 68.3 231.3 354.0 5.12 4.80 4.32 4.55 11.85 5.67 4.79 7.48 
110 147.2 150.3 -62.1 72.2 290.9 88.1 219.7 368.2 6.91 5.26 2.21 7.07 15.65 7.65 6.42 17.66 
120 150.2 143.6 -40.5 93.1 306.9 62.4 265.7 439.6 75.88 46.76 52.57 63.48 215.28 131.50 151.41 179.12 
130 152.5 161.5 -49.9 89.6 301.0 91.3 212.7 433.3 6.31 5.81 2.77 7.85 14.59 10.27 10.34 18.58 
140 133.3 183.6 -54.7 92.2 288.5 114.0 204.4 476.9 5.10 7.90 3.44 5.20 12.26 6.46 5.92 14.27 
150 144.5 200.5 -47.1 110.2 310.5 126.0 216.1 514.3 4.51 8.93 4.45 5.35 10.88 6.81 8.70 16.45 
160 140.5 207.6 -56.8 88.7 280.4 178.9 163.3 564.7 11.17 12.44 8.11 13.83 11.04 15.29 19.08 11.32 
170 154.2 221.2 -43.9 107.4 245.1 136.3 155.1 561.9 18.91 16.96 12.79 18.46 25.23 14.31 17.46 16.06 
180 394.0 216.5 69.5 309.5 336.8 52.2 269.9 594.6 457.11 742.53 481.39 813.12 380.54 194.50 387.64 286.89 
190 132.3 260.6 -40.0 142.5 331.8 184.1 201.2 658.6 3.39 8.95 6.38 3.28 6.20 6.53 3.15 11.55 
200 121.6 270.1 -42.8 141.7 305.8 190.5 160.7 652.1 3.02 8.94 4.85 4.86 8.43 6.25 6.89 14.61 
210 110.9 292.5 -43.0 162.9 315.3 211.4 164.6 716.5 4.16 9.76 4.19 4.83 7.33 5.66 8.87 14.05 
220 127.8 315.9 -34.3 182.9 345.2 217.8 175.9 754.1 3.51 8.61 7.13 4.28 6.90 6.22 11.10 12.42 
230 107.6 326.3 -42.1 170.2 313.2 265.1 138.5 836.4 2.70 10.04 6.43 5.25 5.82 5.53 12.09 16.72 
240 115.4 354.2 -36.1 203.9 378.2 253.0 239.5 889.2 15.07 22.26 19.94 30.70 48.85 39.17 49.37 67.42 
250 120.5 374.4 -20.7 225.4 383.7 224.6 279.9 908.2 5.63 18.17 14.98 10.44 8.39 12.24 12.47 27.50 
260 114.9 388.1 -13.5 229.9 345.8 247.9 233.6 964.0 3.16 18.71 7.86 12.56 8.09 8.33 12.82 24.61 
270 114.3 404.6 -5.2 244.9 362.9 231.8 328.0 973.4 6.34 16.67 5.66 14.24 5.56 7.89 9.45 31.16 
280 125.7 420.8 29.6 224.5 223.3 354.8 56.5 1187.6 5.94 13.45 4.49 11.84 6.83 7.88 13.88 27.70 
290 123.0 495.8 -9.2 301.2 314.0 301.5 410.7 1088.8 5.16 21.72 5.85 17.69 9.40 21.50 13.26 35.01 
300 149.8 554.6 10.5 340.0 292.9 341.4 517.1 1113.1 70.53 92.18 68.77 127.11 50.62 57.00 67.84 76.53 
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Table 55. Dynamic stiffness real and imaginary parts at 10000 rpm and 1655 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy)
20 223.2 7.9 -63.9 12.6 348.5 25.3 278.2 94.5 14.61 11.75 6.88 6.94 13.97 19.28 12.85 12.88 
30 220.0 36.7 -68.1 28.4 395.5 -13.3 328.5 119.6 5.68 7.09 4.38 4.60 10.08 8.30 4.29 6.14 
40 205.1 48.9 -63.2 30.5 366.7 29.0 308.7 171.5 2.95 3.61 2.28 2.95 10.56 5.05 4.51 4.76 
50 196.5 58.6 -59.5 40.2 365.7 31.5 314.2 217.9 5.37 4.32 1.53 2.76 9.34 8.37 7.56 8.15 
60 190.6 111.4 -97.4 58.4 300.2 88.2 228.5 249.9 123.65 169.61 60.82 98.47 280.28 498.63 212.34 218.54 
70 206.1 98.1 -60.1 60.9 382.9 38.1 318.0 297.3 3.90 6.71 2.70 3.97 10.21 9.38 7.51 10.32 
80 210.2 113.0 -54.0 74.6 365.0 60.8 281.9 346.0 1.71 5.19 1.98 3.46 5.58 7.50 5.30 6.14 
90 186.4 129.5 -60.0 71.9 382.5 67.0 321.4 404.6 2.83 6.16 3.15 2.39 7.75 9.88 5.69 6.79 
100 192.5 145.3 -56.6 82.7 382.2 79.9 317.6 442.1 3.82 6.69 3.76 3.53 7.44 7.68 5.18 12.66 
110 169.4 169.9 -56.7 81.0 351.1 73.6 321.9 453.9 4.51 8.37 6.05 2.28 8.01 8.38 7.01 8.74 
120 203.3 198.3 -69.3 129.9 481.0 156.6 289.0 636.5 65.62 131.04 104.60 97.02 224.18 377.84 284.35 323.71 
130 202.7 193.8 -47.9 105.4 373.1 109.3 308.0 522.5 6.77 9.20 8.00 7.97 6.58 17.77 13.96 8.68 
140 172.8 211.0 -49.1 115.7 356.9 120.5 287.0 582.8 7.61 8.61 4.52 6.97 9.39 9.04 7.39 14.56 
150 192.9 216.6 -32.8 128.8 402.9 119.4 330.9 624.0 7.49 9.24 8.33 7.31 15.18 11.65 10.26 20.04 
160 174.9 224.0 -55.8 108.1 362.4 193.9 235.9 737.0 13.95 10.81 5.88 12.60 11.52 12.57 27.73 28.58 
170 186.6 222.7 -35.0 114.6 295.2 138.5 214.5 710.8 12.71 14.16 6.26 13.76 42.41 9.99 27.43 18.29 
180 639.4 695.3 -100.1 728.9 735.4 14.1 565.7 924.9 525.17 1981.90 1374.45 1610.51 1158.39 463.29 737.73 1077.05
190 176.0 289.5 -24.3 174.4 418.4 173.4 307.4 792.2 5.70 10.02 10.05 10.10 12.30 7.62 9.69 20.77 
200 175.0 300.0 -19.5 180.6 403.6 175.5 273.4 803.9 5.23 5.10 10.47 6.61 9.05 8.61 13.31 15.45 
210 160.3 320.5 -15.7 199.5 408.5 190.9 291.6 865.5 4.29 6.57 7.51 7.30 8.94 4.71 8.96 18.62 
220 170.1 341.2 -4.5 209.3 420.6 207.4 283.2 909.7 4.76 8.94 4.69 7.75 5.83 7.60 8.70 14.77 
230 150.8 355.0 -12.4 199.3 387.0 265.0 227.5 1013.5 3.64 8.13 5.20 5.16 7.12 7.57 13.16 20.22 
240 166.4 383.2 2.3 230.4 456.2 229.7 371.3 1031.8 18.55 17.44 26.74 22.36 39.94 42.57 61.96 49.42 
250 159.7 415.7 4.8 263.6 464.0 230.4 404.9 1082.0 8.10 11.74 10.28 10.28 9.08 11.75 5.20 24.49 
260 170.4 424.7 26.5 268.8 443.9 226.7 382.2 1088.5 4.45 9.90 6.74 9.59 8.59 7.51 12.52 23.32 
270 181.4 434.7 39.2 278.8 464.0 202.5 480.7 1119.8 5.89 10.31 4.63 8.98 5.18 7.13 12.20 21.20 
280 177.5 434.4 85.0 253.5 309.1 302.1 116.1 1234.5 4.90 7.04 6.17 8.11 3.24 3.08 8.32 18.69 
290 164.0 493.0 29.0 310.6 423.9 265.6 587.3 1265.0 6.93 6.62 7.75 6.98 8.61 6.28 15.79 23.19 
300 158.3 542.5 47.1 339.8 434.2 248.6 740.8 1253.7 29.97 49.68 70.05 66.44 33.50 24.30 50.39 64.57 
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Table 56. Dynamic stiffness real and imaginary parts at 12000 rpm and 0 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 93.9 11.7 -51.0 1.7 256.0 -3.0 127.2 41.7 39.28 3.75 6.62 5.74 38.58 10.53 11.91 4.94 
30 91.1 24.3 -53.9 5.8 250.5 -2.9 126.8 59.4 32.84 3.73 9.90 7.63 33.87 15.99 11.38 5.80 
40 88.8 26.2 -53.1 4.1 244.1 -3.0 124.1 78.2 32.31 2.71 9.00 10.21 29.48 21.45 10.17 7.64 
50 84.2 31.9 -51.5 7.2 238.6 -8.5 125.1 95.3 35.22 4.31 4.98 12.76 29.17 19.28 12.62 7.06 
60 87.2 62.4 -60.3 8.8 212.6 42.2 110.3 107.2 70.38 84.39 33.21 49.17 147.88 165.73 72.01 87.91 
70 79.9 47.5 -50.4 10.3 232.9 7.0 118.3 143.9 35.27 2.37 6.16 17.72 18.00 27.91 18.32 9.69 
80 70.6 61.6 -59.1 8.5 223.1 10.6 118.6 154.9 37.96 4.24 5.35 18.63 13.15 11.60 12.22 12.71 
90 73.4 65.1 -53.0 10.2 214.8 12.6 112.6 166.3 36.62 4.42 3.77 17.40 13.78 16.04 16.70 13.50 
100 76.1 70.3 -48.1 15.0 220.9 12.9 116.1 186.7 43.96 2.99 4.26 23.72 16.94 14.59 22.75 16.64 
110 63.0 81.5 -54.9 13.2 205.6 16.8 107.9 195.4 33.20 7.54 4.42 13.63 12.11 22.89 30.07 20.55 
120 57.0 89.3 -55.9 13.6 190.6 32.2 94.4 204.2 51.41 18.82 24.05 36.82 98.55 94.35 103.71 57.03 
130 54.7 99.1 -53.9 20.7 190.8 21.9 95.2 227.9 40.88 10.45 6.19 20.41 7.20 13.06 25.47 19.37 
140 40.4 109.7 -58.0 19.3 173.0 36.0 76.3 239.8 31.39 16.88 5.06 12.03 12.59 20.94 27.56 33.24 
150 39.6 120.0 -59.8 28.9 183.4 57.6 68.7 277.0 49.46 18.51 14.99 22.69 41.64 31.36 25.86 31.98 
160 40.6 120.9 -44.6 23.7 165.6 65.3 62.2 288.8 32.86 56.03 70.33 68.36 40.82 55.33 33.61 81.34 
170 45.4 122.6 -20.9 33.0 160.2 77.2 39.9 312.5 64.42 114.03 260.24 7.44 21.53 97.95 125.41 110.69 
180 263.0 85.5 50.3 99.8 167.5 15.2 78.1 306.4 980.00 1453.10 646.27 676.78 331.96 302.66 174.64 163.31 
190 31.5 169.5 -52.9 54.3 165.8 99.9 42.3 369.8 5.96 6.82 59.17 8.63 40.71 12.07 19.54 61.59 
200 -25.5 94.4 -38.2 -41.0 175.2 138.6 49.0 402.2 149.31 79.56 110.35 262.18 48.77 55.30 77.25 87.11 
210 35.3 201.9 -50.8 86.7 188.7 151.5 35.0 462.9 22.71 18.65 46.11 41.94 55.48 44.30 27.71 63.98 
220 47.8 234.4 -35.0 108.4 229.2 177.7 88.6 519.9 32.19 32.59 36.60 58.49 51.30 80.31 42.72 43.64 
230 88.0 245.9 15.3 152.2 282.8 118.0 210.5 528.0 62.40 41.36 14.87 90.75 13.98 64.28 21.40 65.37 
240 158.9 193.5 115.2 113.4 381.9 24.4 351.1 487.1 101.28 11.44 61.19 47.18 62.04 51.66 78.96 114.26 
250 78.7 155.3 66.8 33.2 231.1 -13.0 243.6 396.1 51.49 20.94 15.16 18.49 30.97 62.41 136.61 131.94 
260 35.5 165.6 14.8 2.7 181.6 15.7 186.8 447.8 29.68 20.33 14.70 15.90 62.36 119.88 307.18 135.88 
270 39.2 164.4 31.5 6.7 183.4 -5.9 298.4 444.2 25.03 33.26 28.02 14.78 132.14 236.70 371.79 281.19 
280 11.2 186.7 -0.3 16.0 144.9 18.8 302.3 478.5 13.49 6.24 7.93 3.80 91.13 207.37 531.94 310.94 
290 -2.4 200.2 -12.4 5.8 154.8 32.7 375.5 455.0 3.66 34.33 8.50 10.20 208.22 23.53 172.07 596.31 
300 -35.0 268.9 -33.1 52.5 193.3 59.0 507.8 564.8 44.26 52.69 55.24 33.77 199.57 223.44 255.16 690.62 
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Table 57. Dynamic stiffness real and imaginary arts at 12000 rpm and 345 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 119.1 10.9 -66.1 4.8 247.6 -1.4 133.8 41.5 3.38 3.10 1.79 1.51 10.56 3.59 5.89 2.73 
30 109.7 19.7 -64.6 4.9 242.1 -4.9 139.5 58.6 6.06 4.23 1.50 2.58 13.04 2.49 4.03 2.40 
40 106.9 28.7 -65.5 5.7 238.4 7.8 134.3 85.7 3.25 2.78 1.46 1.33 10.57 2.69 4.53 1.27 
50 100.7 33.7 -63.8 6.9 232.1 6.9 135.1 107.3 3.27 1.04 1.24 1.93 10.51 3.65 3.38 2.37 
60 108.1 47.6 -70.4 10.1 234.4 27.8 130.6 117.5 81.76 85.26 50.97 38.01 217.37 199.42 100.05 121.87 
70 99.5 54.9 -66.9 13.5 228.5 16.5 127.8 144.2 3.56 2.15 1.55 2.55 9.79 4.89 4.71 3.81 
80 96.3 56.7 -58.1 11.2 196.2 38.2 78.8 187.8 2.97 3.41 2.49 1.43 7.54 4.02 4.19 4.44 
90 94.5 70.8 -67.7 16.6 225.7 32.8 124.7 193.5 2.74 2.58 2.53 1.96 12.16 4.25 6.61 6.05 
100 87.2 80.4 -68.5 16.1 220.4 33.9 121.9 207.2 3.65 3.82 2.91 2.23 11.75 5.36 7.12 5.10 
110 86.9 85.3 -63.9 20.3 204.0 38.8 110.8 211.3 4.42 3.77 3.26 2.82 14.14 8.56 9.20 12.35 
120 93.0 93.7 -66.2 27.6 247.1 18.4 117.6 250.6 44.81 35.42 29.66 39.79 139.38 127.97 129.52 106.14 
130 74.6 101.3 -68.9 28.8 203.1 38.4 105.1 256.5 3.38 3.78 2.87 4.14 9.09 8.04 10.91 8.54 
140 65.0 111.0 -69.4 28.7 194.6 59.0 80.5 285.2 5.23 5.35 4.15 4.53 10.09 7.24 9.59 8.76 
150 62.4 128.1 -72.9 39.0 199.4 68.6 84.4 316.2 4.17 8.22 4.88 5.38 6.75 1.47 6.31 9.11 
160 56.8 132.1 -66.7 33.4 185.2 86.5 79.5 339.7 7.97 4.75 6.64 5.18 10.17 7.14 12.43 8.29 
170 51.1 146.5 -71.9 42.0 182.9 91.2 68.4 360.4 9.38 13.46 11.01 13.49 5.32 6.33 6.84 7.96 
180 471.4 543.7 -148.4 467.2 337.6 34.4 172.9 449.6 976.78 3059.01 1473.70 1605.23 857.15 439.43 323.56 570.17 
190 40.7 170.7 -69.7 54.2 194.8 112.4 70.2 407.7 8.16 15.79 8.42 9.64 6.76 16.83 24.32 10.59 
200 -25.6 138.3 -29.2 -25.2 154.7 437.3 -333.5 419.8 40.64 50.01 39.14 67.83 109.78 188.32 254.34 200.25 
210 24.8 195.8 -77.9 64.7 182.3 141.3 36.5 444.4 3.50 11.62 5.50 6.43 6.94 9.18 10.11 11.97 
220 25.4 216.6 -76.2 83.7 163.0 129.4 27.7 425.2 2.99 11.05 2.52 6.61 6.59 4.43 5.50 11.57 
230 19.0 221.9 -77.0 72.0 193.7 200.4 47.6 560.4 1.80 8.38 3.41 5.63 3.48 5.19 4.37 13.16 
240 8.3 249.9 -86.6 95.3 208.2 201.5 74.4 574.3 5.88 11.46 14.11 10.19 15.80 21.85 24.72 33.41 
250 2.2 285.6 -99.0 117.3 224.1 235.8 77.6 642.2 4.33 11.79 6.30 10.68 10.15 12.03 12.66 27.46 
260 31.7 342.7 -81.2 182.8 243.1 208.9 126.1 643.2 9.73 14.22 14.41 9.93 8.94 8.53 11.98 15.34 
270 120.4 439.1 -25.7 279.5 249.7 230.2 150.1 664.8 16.33 17.29 14.64 16.67 9.74 12.42 11.59 17.86 
280 300.0 300.2 146.0 208.5 510.0 268.0 376.0 870.7 27.51 40.65 22.82 26.72 44.67 54.31 38.98 43.64 
290 227.8 145.3 165.2 58.5 230.6 170.8 200.5 636.2 21.15 17.31 23.52 12.33 14.45 14.24 18.91 18.84 
300 78.6 252.9 15.7 35.1 382.1 349.7 211.3 962.6 91.33 63.77 84.38 79.70 45.27 44.56 37.39 32.29 
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Table 58. Dynamic stiffness real and imaginary parts at 12000 rpm and 690 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 169.5 -9.1 -79.0 13.1 297.7 0.7 179.4 56.1 10.53 12.06 3.36 3.43 12.80 6.97 6.31 4.00 
30 150.2 17.6 -73.1 11.7 293.5 -11.0 197.8 71.7 2.32 5.34 3.14 1.61 12.09 5.28 3.22 2.83 
40 137.5 30.6 -71.2 8.1 280.8 19.4 186.3 108.1 3.12 4.43 1.95 1.75 14.12 3.19 3.60 2.33 
50 126.0 39.6 -69.1 9.2 271.2 14.9 191.2 137.1 5.62 2.08 2.27 2.64 13.65 3.57 2.18 2.22 
60 139.3 42.6 -68.8 21.6 293.9 15.9 196.4 175.6 77.59 96.29 63.90 56.37 276.31 207.61 112.45 210.90 
70 128.8 58.0 -71.3 17.2 276.3 22.2 184.7 179.7 3.88 3.52 2.41 2.89 13.93 2.76 4.49 5.92 
80 124.0 56.9 -66.7 23.3 272.2 37.0 169.1 235.0 1.87 5.39 3.70 1.30 13.23 4.71 5.37 2.90 
90 120.1 80.6 -76.2 22.4 275.4 51.4 176.6 248.8 1.80 4.25 3.03 3.00 15.44 5.19 6.99 5.20 
100 113.2 87.8 -73.6 22.4 268.2 45.4 174.5 263.8 1.99 3.79 3.15 2.27 17.77 3.81 9.59 5.97 
110 115.8 101.1 -75.1 30.1 262.8 45.7 175.4 268.4 3.23 5.20 4.53 3.96 17.99 4.98 4.79 10.12 
120 101.4 108.0 -75.0 25.7 259.2 81.1 134.5 298.8 35.33 20.70 24.84 32.37 139.91 73.82 81.83 123.90 
130 103.0 107.2 -71.2 37.6 260.7 37.9 165.0 325.4 3.21 6.16 4.45 2.96 12.02 7.68 5.82 8.51 
140 96.0 125.5 -72.7 45.6 254.4 77.6 126.9 377.2 7.02 7.64 5.76 4.52 8.41 15.90 14.75 10.35 
150 94.3 138.9 -70.1 53.2 272.4 60.5 176.5 402.6 4.67 9.28 6.56 8.10 10.70 6.83 9.65 10.48 
160 84.8 147.9 -72.3 47.8 237.6 102.3 129.2 433.1 7.25 11.71 3.34 5.60 7.34 8.43 6.65 12.37 
170 76.9 163.9 -76.1 57.6 235.9 107.4 123.7 466.4 3.80 13.65 7.98 9.30 6.57 10.04 8.49 5.08 
180 236.3 153.8 19.8 228.6 248.3 48.3 196.2 462.4 1337.53 676.15 706.53 571.25 234.50 530.55 258.35 243.73 
190 76.9 187.2 -68.6 76.0 261.3 105.6 164.0 505.8 3.47 19.88 7.96 10.34 5.32 10.69 11.56 16.04 
200 49.9 214.6 -84.0 42.5 304.7 180.7 -12.5 573.1 81.02 66.60 33.45 49.87 259.91 283.19 182.30 139.76 
210 57.4 214.7 -70.8 86.2 253.1 147.0 125.5 564.8 4.60 16.70 4.69 9.14 11.62 9.62 8.87 13.06 
220 58.9 230.0 -68.1 99.2 241.6 144.0 111.8 545.2 2.24 14.34 2.76 6.63 8.44 3.49 8.33 10.20 
230 53.9 240.2 -65.5 92.2 236.5 212.7 84.8 669.9 1.99 14.57 6.98 7.01 5.57 6.93 9.69 12.49 
240 48.6 262.0 -71.3 112.3 278.5 189.4 165.4 677.3 9.29 12.52 9.84 11.46 27.72 18.35 36.61 28.74 
250 41.6 287.5 -76.0 127.5 283.8 203.5 151.4 721.1 4.42 16.02 7.73 9.58 4.87 16.31 10.04 15.86 
260 34.1 307.9 -80.6 136.8 283.2 213.2 179.1 756.7 3.12 22.11 7.48 11.95 13.92 12.48 8.81 20.56 
270 24.7 337.0 -88.4 155.1 300.3 203.2 247.6 778.7 8.68 17.92 3.93 14.31 7.83 4.09 4.26 12.32 
280 13.1 374.2 -100.3 160.0 250.9 343.8 171.9 1005.8 8.57 10.55 10.21 6.38 9.59 7.19 13.49 9.21 
290 65.7 512.5 -104.1 299.2 311.5 300.0 319.5 918.3 18.90 23.07 14.23 12.55 10.61 14.94 10.58 18.34 
300 193.1 585.3 12.9 399.4 364.1 322.9 451.4 956.9 130.24 128.04 80.71 97.43 66.57 64.75 47.96 44.31 
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Table 59. Dynamic stiffness real and imaginary parts at 12000 rpm and 1034 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 191.6 7.7 -79.9 12.0 353.0 3.9 263.6 67.8 3.46 5.02 3.14 2.70 7.27 3.80 4.16 2.79 
30 184.8 22.4 -76.7 13.3 348.9 -11.8 282.9 87.6 3.89 4.65 3.21 2.25 3.47 3.16 2.57 3.00 
40 169.1 37.1 -72.9 13.8 333.0 24.6 273.1 135.8 2.54 2.26 2.60 1.43 2.81 2.37 3.29 1.84 
50 154.2 43.5 -67.9 17.1 321.9 22.0 278.7 170.7 2.81 3.96 3.81 1.88 4.10 5.44 5.21 3.88 
60 152.9 36.9 -58.8 15.4 286.2 -38.7 331.1 189.6 78.69 156.67 63.83 67.87 171.88 535.93 203.22 214.83 
70 165.4 61.6 -70.4 27.0 342.2 29.3 271.8 229.8 5.64 3.62 2.31 3.75 5.22 3.73 5.32 5.40 
80 168.2 63.1 -57.8 33.2 321.9 51.8 216.5 283.2 4.71 3.44 3.08 3.98 4.17 4.56 4.70 8.88 
90 152.4 88.5 -74.1 30.2 343.0 56.6 269.4 312.8 2.23 3.76 3.87 2.53 6.42 3.41 6.54 5.38 
100 148.8 93.4 -70.7 33.1 344.8 50.4 266.6 336.4 3.38 4.98 4.35 3.76 7.35 5.66 6.07 8.60 
110 146.3 116.9 -76.4 38.3 331.6 53.3 267.0 340.6 2.11 3.47 2.30 4.26 7.45 7.43 6.86 9.18 
120 133.4 121.8 -79.3 39.0 347.2 74.5 226.3 385.7 37.92 45.60 50.49 23.81 118.90 200.34 186.18 127.57 
130 136.0 122.3 -73.9 49.3 326.8 39.7 252.3 396.5 3.38 7.40 4.48 6.62 7.48 7.63 10.05 11.95 
140 122.6 148.0 -79.5 59.9 322.4 77.9 218.2 467.6 3.11 6.35 4.51 4.97 12.83 6.96 9.22 11.68 
150 126.7 156.3 -68.7 70.8 346.4 58.1 274.4 496.8 5.83 4.60 8.70 5.45 16.33 6.03 16.49 18.72 
160 113.4 169.0 -77.3 64.2 306.0 111.1 204.9 543.9 6.61 4.45 5.60 6.47 15.04 5.97 12.23 12.25 
170 108.6 185.8 -75.6 80.0 306.4 104.4 219.5 577.1 7.53 8.91 11.67 10.22 11.28 9.57 15.79 10.27 
180 461.9 219.9 70.2 431.1 361.3 -42.0 387.3 569.0 556.84 790.39 445.29 708.10 418.85 214.57 300.30 284.56 
190 111.8 215.6 -62.6 99.2 330.9 118.8 255.8 624.3 8.21 7.92 8.53 10.70 6.14 6.30 13.76 11.05 
200 108.7 244.8 -97.0 49.7 371.9 109.4 -9.6 792.8 68.17 116.68 190.74 147.37 465.79 290.67 623.90 767.93 
210 100.3 241.0 -54.5 117.2 336.8 162.0 230.4 712.2 2.69 3.57 3.25 5.03 7.76 9.90 14.61 13.27 
220 103.4 256.8 -51.0 125.2 328.0 157.2 217.2 685.6 2.55 3.81 2.41 4.95 6.54 6.68 7.32 13.14 
230 91.8 270.4 -59.3 120.7 322.8 224.1 180.1 822.7 2.35 3.16 3.64 2.93 6.85 6.05 9.68 11.88 
240 94.7 291.3 -53.6 141.8 375.8 197.6 282.7 834.9 5.34 8.60 13.34 10.39 18.24 20.35 32.47 40.11 
250 84.5 318.5 -59.9 163.2 379.6 211.7 278.7 889.4 3.38 4.96 4.63 6.45 8.09 6.42 11.87 17.85 
260 85.2 333.4 -49.1 166.8 377.1 210.1 305.5 909.7 5.36 4.17 5.74 5.32 9.74 5.99 11.30 14.51 
270 91.2 351.1 -45.7 186.4 405.0 175.4 410.4 918.8 3.92 8.78 7.92 8.87 9.65 7.79 12.31 22.69 
280 79.2 355.3 -35.5 158.6 329.6 331.5 209.3 1226.0 3.44 5.90 3.65 5.44 8.69 9.41 13.74 19.64 
290 88.7 426.6 -48.4 238.9 402.8 232.3 502.3 1044.1 3.49 8.37 4.93 6.93 11.29 7.96 14.42 17.73 
300 116.6 473.0 -7.3 291.0 385.4 228.4 502.7 987.3 19.38 43.89 35.89 54.92 22.92 30.24 70.39 41.89 
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Table 60. Dynamic stiffness real and imaginary parts at 12000 rpm and 1379 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 224.4 13.2 -76.3 11.9 393.3 6.5 356.1 78.8 7.84 7.67 7.43 2.58 12.49 5.35 13.37 2.40 
30 222.3 22.5 -73.4 19.8 396.9 -21.3 383.1 91.5 5.91 3.96 6.53 2.89 9.45 11.22 6.78 7.23 
40 199.9 36.0 -68.3 20.5 374.9 22.8 371.0 155.0 2.71 4.83 4.83 1.76 5.81 2.76 6.49 3.24 
50 181.6 38.1 -61.5 24.5 359.3 17.4 373.8 199.0 5.65 4.80 4.88 2.14 5.92 3.13 5.53 2.38 
60 221.2 82.2 -73.1 46.2 399.4 115.3 340.7 265.7 241.15 140.40 66.96 126.95 611.36 629.20 181.60 412.47 
70 199.8 63.6 -65.4 36.2 390.8 27.9 362.5 266.1 4.40 6.40 6.81 2.35 6.49 4.47 8.65 5.69 
80 202.7 73.5 -56.5 44.8 382.1 55.6 317.4 340.7 4.34 7.38 4.50 3.85 11.63 5.11 8.07 5.02 
90 177.6 95.4 -67.9 42.2 383.0 60.5 361.6 370.3 1.98 7.48 5.06 2.21 10.76 6.07 8.26 7.42 
100 183.6 103.1 -66.7 48.5 390.1 60.5 352.3 400.3 2.41 9.98 7.01 6.61 15.70 6.10 8.59 14.22 
110 172.1 128.2 -66.6 49.0 369.2 63.8 357.8 403.7 4.16 11.58 4.97 5.06 12.55 8.43 8.13 11.14 
120 167.7 117.6 -53.9 66.8 385.2 68.0 370.6 491.3 35.84 48.99 36.37 55.53 164.74 175.38 138.92 230.24 
130 177.8 131.6 -58.5 63.0 381.5 46.7 347.6 465.3 6.28 10.40 3.54 7.27 10.30 8.62 7.05 11.17 
140 154.1 154.7 -61.2 74.8 377.7 83.4 320.9 575.4 4.34 11.61 4.15 8.36 9.90 7.49 12.51 12.70 
150 169.6 153.7 -38.7 81.0 430.0 39.9 426.9 583.8 5.46 11.69 6.03 7.91 19.60 7.93 12.59 14.81 
160 148.9 171.8 -63.4 73.2 367.9 110.6 310.3 635.9 4.85 14.05 7.86 8.87 11.31 9.42 18.53 11.51 
170 145.9 192.1 -56.1 97.6 380.8 107.1 334.7 692.5 3.98 9.27 6.56 10.04 10.87 7.63 9.74 10.23 
180 451.6 203.3 90.1 310.5 412.1 -61.0 449.8 627.1 205.62 278.77 465.52 291.53 170.82 135.63 200.50 289.10 
190 149.6 220.9 -41.3 110.0 399.0 98.8 381.1 703.8 5.61 14.41 5.71 7.30 18.82 8.15 10.72 11.98 
200 150.8 231.8 -52.7 102.9 360.0 114.3 226.7 781.2 17.11 31.15 34.48 45.94 134.38 66.44 227.09 130.71 
210 141.4 243.9 -26.2 131.3 409.6 137.2 357.1 811.9 7.09 10.20 5.75 6.84 22.07 11.60 26.56 9.91 
220 145.2 265.1 -27.9 138.4 398.4 143.0 332.4 787.2 4.89 13.77 3.44 4.71 16.71 5.43 11.02 10.61 
230 131.5 275.6 -31.7 133.3 388.3 205.4 273.7 928.3 3.81 12.48 4.81 4.72 8.72 4.93 13.73 7.96 
240 139.5 300.8 -25.6 155.8 450.3 167.6 412.0 927.1 7.46 13.27 11.56 10.46 18.09 12.90 30.82 26.04 
250 135.9 321.5 -22.3 180.2 456.4 170.1 421.8 998.2 4.21 13.32 7.36 6.63 14.76 5.80 11.84 12.42 
260 133.2 332.2 -12.2 180.7 433.2 164.4 423.1 992.2 8.65 14.50 9.77 6.48 12.69 3.38 7.75 11.98 
270 143.9 342.5 0.5 195.5 475.0 131.7 553.9 1024.8 7.60 15.76 10.34 8.00 19.19 8.33 14.74 12.87 
280 132.8 343.7 25.7 163.8 361.3 268.8 220.8 1265.4 9.70 17.47 11.18 7.72 6.13 8.23 8.39 11.04 
290 133.4 393.1 -1.3 227.4 464.6 170.4 675.4 1126.2 3.97 21.95 7.05 13.16 13.85 11.96 10.91 18.77 
300 148.2 438.3 17.0 268.0 476.0 131.3 808.6 1062.5 18.24 20.17 21.66 27.77 16.07 9.57 21.36 18.23 
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Table 61. Dynamic stiffness real and imaginary parts at 12000 rpm and 1655 kPa (MN/m) 
f R(Hxx) I(Hxx) R(Hxy) I(Hxy) R(Hyx) I(Hyx) R(Hyy) I(Hyy) ∆R(Hxx) ∆I(Hxx) ∆R(Hxy) ∆I(Hxy) ∆R(Hyx) ∆I(Hyx) ∆R(Hyy) ∆I(Hyy) 
20 249.5 30.5 -80.3 31.4 434.7 36.7 435.3 121.3 32.10 204.55 24.00 226.01 62.08 349.98 36.76 383.63 
30 278.0 23.4 -41.2 28.9 488.6 -41.4 532.5 95.7 245.71 41.02 291.73 38.35 398.75 130.03 498.65 27.43 
40 235.7 30.2 -61.8 20.9 428.2 5.6 473.0 161.5 69.64 32.47 82.12 44.65 121.94 51.20 148.43 69.80 
50 206.0 37.4 -72.6 29.4 386.5 12.5 441.7 217.4 33.64 16.19 39.40 28.42 61.12 26.65 71.89 43.87 
60 290.3 48.7 -61.4 51.1 622.8 19.2 485.7 297.9 295.53 166.50 135.08 110.79 1011.90 519.26 416.75 382.09 
70 236.7 64.0 -59.3 46.6 439.6 20.5 454.1 294.3 18.45 22.58 32.55 12.15 25.11 36.92 55.19 27.49 
80 228.5 80.8 -62.3 60.7 413.5 55.9 398.9 375.8 10.25 14.97 22.34 17.88 18.10 30.05 31.17 33.85 
90 203.4 96.9 -65.3 59.6 430.8 61.1 454.9 430.5 13.85 17.42 5.82 34.53 27.92 29.03 29.16 64.26 
100 215.9 102.3 -54.9 60.3 437.0 56.1 455.4 450.7 23.72 18.59 42.31 9.59 35.27 29.98 80.96 11.03 
110 197.8 126.8 -50.0 61.0 413.4 59.5 460.6 456.9 13.82 18.95 29.35 11.37 16.35 32.06 48.54 43.26 
120 199.4 115.8 -52.3 83.6 462.3 48.9 467.4 582.4 57.19 56.47 37.91 72.98 258.94 216.67 145.88 306.30 
130 211.8 137.7 -49.0 78.5 435.6 47.9 447.9 532.8 10.81 18.31 28.94 11.47 15.12 30.58 38.68 39.43 
140 175.2 151.8 -53.3 79.2 409.0 77.7 401.9 618.2 14.71 18.58 9.01 33.07 36.01 17.26 30.86 52.80 
150 211.4 155.4 -14.7 107.9 491.7 25.4 557.1 645.5 16.70 24.25 44.16 20.02 12.33 51.37 76.80 49.84 
160 175.2 175.5 -61.2 83.0 429.6 119.9 407.4 739.9 20.54 15.93 32.23 39.33 41.71 28.20 64.66 72.53 
170 168.4 194.1 -46.8 104.9 428.6 100.9 437.1 760.1 22.37 14.90 39.75 32.81 34.08 28.01 73.78 36.78 
180 317.8 330.1 -75.4 249.4 520.4 31.4 488.4 797.4 648.54 386.63 652.14 645.65 272.27 471.32 496.16 447.70 
190 181.1 223.6 -23.5 131.5 451.1 81.0 494.9 770.5 9.89 15.09 24.45 13.13 14.29 18.41 39.85 27.82 
200 181.7 224.2 -40.9 119.2 378.6 101.0 351.4 862.0 25.31 21.13 65.68 89.55 129.28 123.12 451.23 307.18 
210 169.9 251.8 -18.3 155.5 456.8 118.9 463.0 889.4 8.02 12.39 10.80 8.61 17.94 16.21 23.52 32.13 
220 173.3 265.8 -8.4 153.0 444.9 128.6 434.5 867.9 9.78 19.97 24.65 20.18 16.82 17.62 31.14 39.07 
230 155.6 281.6 -22.2 149.7 436.0 197.7 371.5 1015.0 16.80 11.77 30.70 18.92 19.21 20.32 47.37 21.45 
240 171.0 303.8 -4.1 174.5 504.0 145.8 520.4 1009.1 14.32 19.33 37.22 16.66 27.37 31.20 54.87 55.27 
250 169.9 327.9 2.2 206.7 509.5 146.4 537.6 1075.0 13.32 21.97 39.32 21.95 24.21 29.10 41.70 58.51 
260 169.2 336.9 15.5 205.8 489.2 138.1 555.5 1071.5 12.28 17.48 11.83 26.10 25.28 13.37 40.02 37.38 
270 178.6 339.8 40.3 212.0 516.1 99.3 664.4 1076.6 9.27 17.89 21.90 10.88 20.18 17.05 22.74 44.73 
280 170.8 344.7 64.1 188.6 396.9 221.0 292.1 1227.8 6.97 15.47 19.84 13.21 14.34 17.08 26.83 32.22 
290 163.7 385.2 28.7 235.0 513.5 136.1 818.4 1196.3 8.02 14.72 14.24 13.45 14.15 13.69 29.72 27.26 
300 171.2 426.7 45.7 259.5 526.3 100.8 959.4 1141.0 29.77 27.07 54.34 37.17 31.07 21.49 42.51 39.74 
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